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Abstract
Among the various surface modification techniques developed to 
improve the biocompatibility of titanium (Ti), ion-implantation is a method 
which can alter Ti surface chemistry in a relatively controlled manner. 
Although implantation of Ti surfaces with calcium (Ca) ions has previously 
been shown to enhance osseointegration in vivo, the underlying mechanisms 
responsible for such responses still remain unclear. The aim of the current 
study was, therefore, to examine the precise effects of ion-implanted Ti on 
human bone cells by assessing a range of biological activities in vitro.
Ca, potassium (K) and argon (Ar) ions were selected to be implanted. 
Although similar in mass, chemically they are quite different, which was 
reflected in the differential response of bone cells. Thus, Ti surfaces 
implanted with 1 x 1017 cm'2 Ca ions reduced cell adhesion at 4 h, but, 
nevertheless, significantly increased cell spreading and subsequent growth 
compared with the (non-implanted) Ti control. In contrast, cells on K-Ti 
responded in a very similar manner as the control, whereas cells on the Ar- 
implanted Ti appeared less flattened and did not grow well.
The effects of Ca ion-implantation were further examined by 
implanting Ti discs with different levels of this ion. However, surfaces 
implanted with medium (1 x 1016 ions cm'2) and low (1 x 1015 ions cm'2) levels 
of Ca ions had no significant effects on cell adhesion. Results showed that 
the number of cells attaching to Ca (high) (1 x 1017 ions cm'2)-Ti was 
increased following prolonged incubation of 24 h. Moreover, an enhanced 
cell spreading and an elevated expression of important cell adhesion proteins
such as vinculin and a5p1 integrin by cells cultured on Ca (high)-Ti was also 
measured at this time point. In addition, compared with the control, Ca (high)- 
Ti surfaces increased cell proliferation, whereas Ca (med)-Ti and Ca (low)-Ti 
had no significant effects. The current study also showed, for the first time, 
that controlled alteration of the surface chemistry of Ti by implantation of high 
doses of Ca ions substantially modulated the progression of the bone cell 
cycle and up-regulated the expression of vital bone-specific markers such as 
bone morphogenetic receptor 1B, bone sialoprotein and most significantly 
osteopontin. Surface modification by Ca ion-implantation could thus prove a 
valuable tool for improving the clinical efficacy of Ti implants.
The copyright of this thesis rests with the author and no quotation from 
it or information derived from it may be published without prior written 
consent of the author.
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Chapter 1 
Background
The strength o f  all sciences, which consists in their harmony, each supporting the other........
Francis Bacon (1561-1626)
1.0 Introduction
Due to an increase in human life expectancy (80 + years), the majority 
of people in developed countries now outlive the quality of their connective 
tissues. Apart from the normal ageing process, 90% of the population over 
the age of 40 suffer from degenerative or inflammatory diseases affecting 
their joints, such as osteoarthrosis, rheumatoid arthritis and chondromalacia 
(runner’s knee) [Long and Rack 1998]. Replacement of diseased tissues with 
implants has led to a remarkable increase in the quality of life of millions of 
patients. Each year around 300,000 hip and knee implants, and 
approximately 100,000 dental implants, are used in the United States [Puleo 
and Nanci 1999]. The survivability of current implant materials is only about 
15 years. However, due to longer human life expectancy and the need for 
implantation in younger patients, biomaterials with at least 20-30 year 
survivability are currently required [Hench1998; Hench and Polak 2002].
During the last 30 years, considerable attention has been directed 
towards research and development of implant materials. Several different 
ceramics, polymeric materials and metals have been developed to replace, 
repair, or augment more than 40 different parts of the body. The properties of 
metals and metal alloys, such as high corrosion resistance, strength, rigidity, 
ease of shaping, machining and suitability for a wide range of sterilization 
techniques have made them highly valuable biomaterials for replacing hard 
tissues [Ratner et al., 1996]. The most common metals / metal alloys used for 
bone and tooth tissue reconstruction are stainless steel, cobalt-based alloys, 
Ti alloys and commercially pure (cp) Ti [Brunette et al. 2001].
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Many strategies have been developed in the past for modifying 
existing implant materials in order to improve their clinical efficacy. This 
thesis is concerned with one particular material, “cpTi”, and one particular 
type of modification technique, “ion-implantation”. The aim of this introductory 
chapter is to give an overview of Ti as an implant material, and to briefly 
discuss the different surface treatments which have previously been applied 
to it. Specific details of literature similar to the current study, pertinent to each 
section of this investigation, will be covered in detail in the Introduction of 
each later chapter.
1.1 Titanium as an implant material
Ti, a transition metal, belongs to group 4B in the periodic table of 
elements. It is the ninth most abundant metal on earth. It occurs in the 
minerals rutile, ilmenite and sphene, and is present in titanates and many 
iron ores. Ti was first identified by W. Gregor in 1791 in Creed, Cornwall, who 
called it “menachite”. It was rediscovered by M. Klaproth in 1795 in Berlin and 
became known as “titanium”, deriving its name from the Greek mythology of 
Titans. Although J. Berzelius isolated this metal in 1825, it was not 
characterised in its pure form until 1910 by Hunter. In 1938 the first 
commercial scale production of pure Ti was carried out by Kroll [Brown1997].
CpTi is a well-characterised oral implant material. It is used to replace 
teeth for partial or fully edentulous patients, and also to fabricate maxillofacial 
reconstruction. CpTi is available in four grades, which vary in their strength. 
Contamination by other elements such as oxygen (O), nitrogen (N), hydrogen 
(H), carbon (C) and iron (Fe) is lowest in grade 1 and highest in grade 4 cpTi.
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Despite its widespread use in dentistry Ti is, nevertheless, not considered 
strong enough to be used in orthopaedics. Aluminium (Al) and vanadium (V) 
are generally added to create Ti-6AI-4V alloy in order to achieve better 
strength and a lower elastic modulus (measure of the stiffness of a given 
material, defined as the ratio of stress (force per unit area) to corresponding 
strain (deformation) in a material under tension or compression) [Brunette et 
al. 2001]. Previous studies reported only slight differences in the clinical 
responses to cpTi and Ti alloys [Doundoulakis1987; Hernandez de Gatica et 
al. 1993], while Maetzu et al observed no significant differences between the 
use of either cpTi or Ti-6AI-4V alloy as dental implants [Maeztu et al. 2003].
The ideal implant material should exhibit the following properties: a 
biocompatible chemical composition to avoid adverse tissue reaction, a high 
resistance to degradation (corrosion) in the human body environment; 
acceptable strength to endure stress; a low modulus to minimise bone 
resorption; and a high wear resistance to minimise debris generation [Long 
and Rack 1998]. Ti combines the strength of iron and steel and the light 
weight of Al, which accounts for its widespread use in aviation, marine 
industry, sports equipment and, more relevantly, medical and dental bone 
replacement devices. Moreover, the first scientifically documented clinical 
successes of Branemark and his co-workers showed that Ti is capable of 
being a highly osseointegrated bone implant material [Br£nmark1983]. 
Br£nemark defined “osseointegration” as “a direct structural and functional 
connection between ordered and living bone and the surface of a load 
bearing implant” [Br£nmark1985]. Albrektsson et al proposed six factors as 
especially important for successful osseointegration of an implant: implant
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material; implant design; surface conditions; status of the bone; the surgical 
technique; and the implant loading conditions [Albrektsson and Johansson 
1991].
Ti, despite its generally successful clinical application, has also 
produced some undesirable responses. For example, a failure rate of nearly 
5% has been reported for Ti plates following jaw and skull surgery. Lack of 
sufficient stiffness and high friction rates have also reduced the use of Ti 
implants for femoral head replacement [Esposito et al. 1998; Arys et al. 1998; 
Donley and Gillete 1991; Long and Rack 1998]. In addition, an increased 
bacterial adhesion and colonisation at the supra and sub-gingival sites of Ti 
dental implants causing infection, have also raised concerns regarding the 
biocompatibility of Ti implants [Yoshinari et al. 2001].
Ti derives its biocompatibility from a strong and tightly bound 2-5 nm 
thick native passivating oxide layer which is formed over its surface within a 
millisecond of exposure to air. It has been previously proposed that because 
of this layer Ti is capable of withstanding the physiological environment 
without disintegration [Kasemo and Lausmaa 1986]. However, this protective 
oxide layer is not entirely stable and can grow in thickness, allowing ion- 
exchange with the surrounding tissue. Local adverse effects which elicit 
allergic reactions are known to originate from the release of metal ions from 
implant materials. Ions leaching out over long periods of time into the implant 
interface could interfere with the localised mineralization and remodeling 
processes of bone, possibly resulting in subsequent loosening of the implant 
[Albrektsson and Johansson 1991]. Although this is not a major problem for 
cpTi, impaired bone formation on Ti alloy has been shown to be related to the
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release of Al ions, which can be detrimental to bone cell differentiation 
[Albrektsson and Johansson 1991; LeGeros et al. 1991; Thompson and 
Puleo 1996]. Arys et al measured the composition and thickness of non- 
osseointegrated cpTi dental implants [Arys et al. 1998]. They observed partial 
dissolution or complete disappearance of the protective titanium dioxide layer 
and also ion-exchange through the surrounding tissues [Arys et al. 1998]. Ti 
implants have also been shown to undergo corrosion and biodegradation 
[Estessabi et al. 1996; Lucas and Lemons 1992; Arys et al. 1998]. Wear 
debris around Ti oral implants has been shown to activate macrophages (a 
main part of the immune response to a foreign body) which, in turn, triggered 
bone resorption [Esposito et al. 1998], Such undesirable reactions have 
ultimately contributed to the failure of Ti implants, especially in high risk 
patients such as postmenopausal women suffering from osteoporosis 
[Mackie2003]. As a result of these and other disadvantages, a number of 
techniques have been developed in order to improve the biocompatibility of 
Ti implants, as discussed below.
1.2 Modification of titanium surfaces to enhance biological
responses
Physiochemical surface characteristics such as surface energy, 
roughness, topography and chemistry are known to play important roles in 
mediating interactions between the implant and the host tissue. Surface 
characteristics of implants are particularly vital to the biological response as 
cells interact with the outermost atomic layers, approximately 0.1-1 nm thick 
[Kasemo and Lausmaa 1986]. Since events occurring at the cell-material
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interface are likely to play an important role in the clinical success of an 
implant, an optimum surface compatibility with the surrounding tissue is 
essential for successful integration of the Ti implants [Anselme2000].
Following surgical insertion of an implant into bone a complicated 
cascade of events take place at the cell-material interface [Puleo and Nanci 
1999], As illustrated below (Figure 1.1), it involves protein adsorption onto the 
implant surface, recruitment of inflammatory and osteoblast precursor cells at 
the site of the wound, attachment of cells to implant surfaces, proliferation 
and differentiation of the undifferentiated mesenchymal cells into osteoblasts, 
secretion of bone extracellular matrix (ECM) by osteoblasts, and finally 
deposition and remodelling (restructuring) of new bone on the implant 
surface (Figure 1.1) [Davies1998; Masuda et al. 1997; Schwartz et al. 1997],
Bone
o
o
^ o / e j o j o
o
Biomaterial
Figure 1.1: Representation of events at bone-implant interface, (a) Protein adsorption from 
blood and tissue fluids (b) protein desorption (c) surface changes and material release (d) 
Inflammatory and connective tissue cells approach the implant (e) possible targeted release 
and selected adsorption of ECM proteins (f) formation of lamina limitans and adhesion of 
osteogenic cells (g) bone deposition on both the exposed bone and the implant surface (h) 
remodelling of newly formed bone, adapted from [Puleo and Nanci 1999].
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The initial binding of blood and tissue fluid proteins to the implant 
surfaces is via long range, weak van der Waal’s interactions and short range, 
strong ionic and covalent chemical bond formation. Once on the surface, 
proteins (in native conformation, denatured, intact or fragmented) can desorb 
or remain adsorbed and possibly mediate tissue-implant interactions (Figure 
1.1) [Puleo and Nanci 1999]. This protein conditioning layer may determine, 
in part, how various cell types might become adherent to the surface 
[Anselme2000]. In addition, differences in the amount and conformation of 
proteins adsorbed onto the Ti surfaces have also been shown to affect the 
adhesion of the bone-forming osteoblasts [Yang et al. 2003]. The surface 
chemical, morphological and electrical features of Ti are known to affect the 
nature of this adsorbed protein layer [Anselme2000; Schwartz et al. 1997]. 
For example, the surface wettability has been reported to influence 
adsorption and desorption of the proteins, with greater binding observed on 
hydrophobic than on hydrophilic surfaces [Grinnell and Feld 1981].
1.2.1 Surface roughness and topography
A considerable body of work has been devoted towards modifying Ti 
surfaces in order to achieve the desired biological responses [Howlett et al. 
1999; Puleo and Nanci 1999; Brunette et al. 2001; Ratner et al. 1996]. The 
following sections present a brief discussion of some of the techniques which 
were previously employed to change the roughness, topography and the 
chemistry of the Ti surfaces in order to enhance their biocompatibility.
Alterations in surface roughness and topography have been used in 
the past to influence cell and tissue responses to implants [Boyan et al. 1995;
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Lincks et al. 1998; Schwartz et al. 1996; Anselme et al. 2000; Brett et al. 
2004; Degasne et al. 1999]. Surface roughness can be achieved by a 
number of methods including abrading, polishing, acid etching, and grit 
blasting [Kasemo and Lausmaa 1988]. While, surface topography can be 
altered by introducing pores in the range of 100-500 pm in dimension. Such 
porous coatings are used since they have been shown to improve the 
mechanical interlocking of bone with the Ti. Similarly, pits and grooves within 
the nano-scale range have been introduced to regulate orientation and 
migration of individual cells for improved osseointegration [Ellingsenl998; 
Ungerbock and Rahn 1994].
It has been suggested that roughened surfaces elicit more favourable 
cellular responses due to increased surface area. Previous studies have 
analysed the behaviour of MG-63 osteosarcoma cells cultured on Ti surfaces 
with five different surface roughnessess [Boyan et al. 1995; Lincks et al. 
1998; Schwartz et al. 1996]. Their results demonstrated that when these cells 
were cultured on rougher surfaces, there were lower cell numbers and 
decreased rates of cell proliferation, but increased alkaline phosphatase 
(ALP) activity compared to those on smoother Ti surfaces and control 
polystyrene surfaces. However, the growth of cells on Ti surfaces of 
intermediate roughness did not differ significantly from the controls. It was 
reported that cell morphology and spreading were also affected by altering 
surface roughness. Thus, cells grown on the roughest Ti plasma-sprayed 
surfaces were more rounded in appearance than those grown on smooth 
electro-polished surfaces, which showed a flattened morphology similar to 
the control polystyrene surfaces [Boyan et al. 1995; Lincks et al. 1998;
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Schwartz et al. 1996]. In another study, Ong et al demonstrated a possible 
influence of Ti surface roughness on the synthesis of proteins. They showed 
that after six days of cell culture, protein production by cells grown on the Ti 
surfaces roughened by grinding was greater than those on the polished 
surfaces [Ong et al. 1996].
Schneider et al demonstrated that osteoblast gene expression and 
mineralization were affected by roughened implant surface 
microtopographies during osseointegration of the dental implants [Schneider 
et al. 2003]. These authors cultured primary rat calvarial osteoblast (RCOB) 
and an osteoblastic cell line (UMR 106-01 BSP) on 600-grit (grooved) or 
sandblasted (roughened) cpTi discs. Mineralization was evaluated by Alizarin 
Red-S staining, while Real Time PCR was used for quantitative analysis of 
Cbfal and BSPII gene expression, markers of osteogenesis [Schneider et al. 
2003]. They found enhanced mineralization of osteoblasts cultured on 
roughened implant surfaces compared with those on the tissue culture 
plastic. In addition, a significantly increased Cbfal and BSPII genes 
expression by cells grown on roughened as compared with grooved implant 
surfaces was found. These authors concluded that osteoblast gene 
expression and mineralization appear to be affected by roughened implant 
surface microtopographies during osseointegration of dental implants in vivo 
[Schneider et al. 2003]. Although increasing surface roughness reduces 
implant failure by distributing load bearing, it has been implicated as a cause 
of recurrent bone infections [Ellingsenl998]. Porous implants were also 
found to promote early infections, probably due to the sheltering of bacteria in
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these cavities and thus resistant to host immune mechanisms [Esposito et al.
1998].
More recently, Brett et al showed that the surface roughness of Ti has 
a profound effect on the profile of genes expressed by bone cells. They 
examined the effects of a moderately rough (sand-blasted, acid-etched; SLA) 
Ti surface, a highly rough (plasma-sprayed; TPS) surface and a smooth 
surface (SMO) on bone cells in vitro. The number of cells was shown to be 
less on SLA surfaces compared with SMO, whereas the TPS surface elicited 
the greatest increase in both adhesion and growth of bone cells. In addition, 
based on the data generated by gene expression profiling, a technique used 
to simultaneously evaluate thousands of genes, they identified a number of 
'roughness response genes' of the osteoblasts including, for example, 
caspases, intermediate filament proteins, stress response molecules and 
most specifically the axl/UFO receptor (a tyrosine kinase) [Brett et al. 2004].
1.2.2 Surface chemistry
Formation of a calcium phosphate-rich apatite layer, whose structure 
is similar to human bone mineral, is generally considered to be a major factor 
influencing the integration of an implant with the bone [Puleo and Nanci
1999]. Ti itself is not readily able to promote calcium phosphate precipitation 
on its surface. A previous study showed that upon immersion in simulated 
body fluid (SBF) (an inorganic solution containing ionic species in 
concentrations similar to those present in natural body fluids), calcium 
phosphate deposited on Ti surface. The ratio of calcium (Ca) and 
phosphorous (P) in the Ca/P layer formed was 1.63, which is close to that of
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hydroxy apatite (HA) (1.67) [Hanawa1991]. HA (Ca5(P04)30H) is a crystalline 
form of calcium phosphate which has an inorganic surface with 
physicochemical characteristics similar to those of bone, thus encouraging 
osseointegration [Brunette et al., 2001]. However, the Ca/P layer formed was 
very thin (less than 8 nm on the cpTi and Ti alloy plates studied), which 
indicated that it was not a true apatite layer and was deposited due to 
transfer and adsorption of Ca and P from SBF [Hanawa1991]. In a similar 
investigation, Li and Ducheyne measured the ratio of Ca and P deposited on 
a Ti surface. They found it to be equal to only 1.44 which is lower than HA. 
They termed this layer a quasi-biological apatite, formed on the surface of 
cpTi following binding of ions from SBF [Li and Ducheyne 1997].
Interest in the chemical modification of Ti surfaces has been 
stimulated by the successful use of HA coatings on Ti implants in order to 
enhance osseointegration [Ong and Chan 2000]. The force required to 
detach HA coated Ti from bone was found to be higher than that for uncoated 
Ti after 12 weeks of implant insertion [Tangvall and LundstrOm 1992]. HA 
coatings have been produced using plasma spraying, ion-plating, pulse laser 
deposition, various modes of sputtering, electrophoreses and immersion 
deposition techniques. Despite frequent use of HA coatings, there are certain 
problems associated with them such as weak adhesion of the coatings, 
causing fracture within the apatite and/or at HA-Ti interface, delamination and 
separation as well as dissolution and resorption. In addition to these 
mechanical drawbacks, formation of fragmented particles derived from the 
coatings into the joint space and susceptibility of HA coatings to bacterial 
colonisation, indicate a need for alternative surface modification techniques
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to improve the biocompatibility of Ti [Ong and Chan 2000; Ellingsen1998; 
Peraire et al. 2006; Meng et al. 2005; Chen et al. 2005; Oh et al. 2005; 
Rohanizadeh et al. 2005].
Direct chemical treatments of Ti surfaces have been carried out to 
promote apatite formation from body fluids, thus creating the bone-like 
surface chemistry considered to be beneficial for osseointegration. 
Treatments include H20 2 with [Pan et al. 1998] or without [Ohtsuki et al. 
1997] chloride ions, alkali solutions, with or without heat treatment [Kim et al. 
1996], Ca ion containing solutions [Hanawa et al. 1997; Nishiguchi et al.
1999] and etching with HCI and H2S 0 4 [Wen et al. 1997; Kim et al. 1999]. 
Moreover, in an attempt to create an organic surface chemistry favourable for 
the interaction of target cells, immobilization of biomolecules on Ti surface 
has also been carried out. For example, by direct biocoating of Ti with bone 
morphogenetic protein 2 (BMP-2) [Jennissen2002], or by using plasma 
surface modification strategy to enable immobilization of bioactive molecules 
lysozyme and BMP-4 on the aminated Ti surfaces [Puleo et al. 2002]. 
Another study used silanisation (covalent attachment of an organic 
monolayer anchored by a siloxane network) of the Ti surface, where 
biological responses may depend on the terminal group or the use of cross- 
linking molecules to attach biologically active mediators [Sukenik et al. 1990].
1.3 Modification of surfaces chemistry by ion-implantation
This high energy technique, which forms the basis of the current 
investigation, offers several advantages over the above-mentioned methods 
including the ability to control implantation energy, selection of ionic species
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and species purity, while allowing accurate dose and depth control. In 
addition to speed, it makes it possible to control dopant mass as well as 
homogeneity and reproducibility of the surface modified layer. Ion- 
implantation has been reported to alter only the surface characteristics of the 
material, the bulk mechanical properties usually remain unchanged. It also 
allows for multiple implantation of variant species into the substrate, and 
overcomes some of the common problems associated with HA coatings, 
such as, delamination and fracture, as mentioned above [Ziegler1988; Ryssel 
and Ruge 1986; Sze1981].
The ion-implantation process involves acceleration of ions, atoms or 
molecules through an electrostatic field and into the surface, the ions 
becoming physically embedded [Brunette et al. 2001; Ratner et al. 2004; 
Sze1981]. The theory of ion-implantation was proposed in 1913 by Niels 
Bohr. However, the technique was developed much later and the first patent 
for ion-implantation was obtained in 1957 by Shockley [Ziegler1988]. Ion- 
implantation is well known as a useful technique for the surface modification 
of metals in the fields of electronics and nuclear engineering. It was originally 
developed for semiconductor applications, and later, for improving wear 
properties of metallic machine tools and for generating electrical conductivity 
in polymers [Ryssel and Ruge 1986].
Various advantages of the ion-implanted surfaces have been reported. 
For example, mechanical benefits include increased resistance to wear and 
friction and increased surface hardness [Alonso et al. 1995; Feller et al. 
1985; Hohmutz et al. 1985; Mucha and Braun 1992]. In addition, chemical 
(increased resistance to corrosion, less lixiviation) [Williams and Buchanan
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1985; Buchanan et al. 1987a] and biological (enhanced osseointegration) 
benefits derived from such surfaces, make ion-implnatation a potentially 
useful surface modification technique [Hanawa et al. 1997; Ichikawa et al. 
2000; Jinno et al. 2004; Krupa et al. 2001; Krupa et al. 2002; Krupa et al. 
2005].
The following section describes some of the previous ion-implantation 
studies aimed at improving performance, longevity and biocompatibility of Ti 
implants. Implantation of nitrogen (N) and carbon (C) ions not only increased 
wear resistance and surface hardness of Ti but also improved its fatigue 
properties [Tangvall and LundstrOm 1992; Buchanan et al. 1987b]. Similarly, 
iridium (Ir) ion implantation of Ti significantly improved corrosion resistance 
by altering electrochemical properties of the Ti alloy, which approached those 
of Ir [Buchanan et al. 1990; Rieu et al. 1991]. High dose Al ion-implantation 
into Ti enhanced corrosion resistance and surface hardening, although this 
effect was measured only after exposure of ion-implanted surfaces to 
hydrochloric acid (5 M HCI) [Tsyganov et al. 2000]. Furthermore, Krupa et al 
demonstrated that P ion-implantation into cpTi enhanced corrosion 
resistance following short and long periods of exposure to SBF at 37°C 
[Krupa et al. 2002]. Wieser et al carried out double implantation of Ca and P 
ions into Ti and found enhanced nucleation and growth of HA in SBF on ion- 
implanted surfaces relative to that on the control cpTi [Wieser et al. 1999]. 
Similarly, sodium (Na) ion-implantation with subsequent thermal treatment of 
Ti surfaces has also been observed to promote HA nucleation and growth in 
SBF [Pham et al. 2000].
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Ion-implantation studies examining biological responses have primarily 
used ions such as manganese (Mn), magnesium (Mg), O, N , P and Ca 
[Leitao and Barbosa1998; Howlett et al. 1993; Howlett et al. 1994; Hanawa et 
al. 1997]. When Mg ions were implanted into Al, an enhanced attachment 
and spreading of bone cells was observed, although the Mg ions were 
leached within 48 h when implanted on cpTi or Ti alloy [Howlett et al. 1994]. 
In contrast, Howlett et al demonstrated that implantation with Mg and Mn in 
addition to N and P had no preferential effect on human bone cell attachment 
[Howlett et al. 1993], whereas a mineralised ECM was observed to be formed 
by rat bone-marrow cells on N-implanted Ti surfaces after 3 weeks of cell 
culture [Leitao and Barbosa, 1998].
In another study, adhesion and spreading of the osteoblast cell line 
MC3T3-E1 on Ti surfaces which were plasma sprayed prior to implantation 
with amino (NH2+) group, was examined. Their findings supported the 
biocompatibility of such modified Ti surfaces [Yang et al. 2002]. A more 
recent in vivo study modified Ti dental implants via C, carbon oxide (CO), N 
and Ne ion-implantation attempting to obtain an intimate and lasting 
integration with the surrounding bone [Maeztu et al. 2003]. After 3 months of 
insertion in the rabbit tibiae, histomorphometric analyses of the retrieved 
implants were carried out and the percentage bone-implant contact was 
measured. Their results showed significantly enhanced osseointegration of 
only C and CO implanted Ti-6AI-4V and cpTi implants, respectively [Maeztu 
et al. 2003].
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1.4 Calcium ion-implantation of titanium
Ca, first isolated by Sir Humphrey Davy in 1808 in London, is the fifth 
most abundant metal in the Earth’s crust. It is an essential constituent of 
cells, teeth and bones. The normal amount found in an adult is over one 
kilogram, found mostly in teeth and bones as apatite [Anghileri2000; Lodish 
et al. 1996] The importance of Ca in cell biology was recognized as early as 
1882 when Sidney Ringer demonstrated that minute amounts of this divalent 
ion were necessary to maintain heart muscle contractility. About a century 
later, physiologists described Ca as a second messenger. Calcium ions play 
a vital role in controlling cell functions by acting as transducers of intracellular 
messages [Lackie and Dow 2000].
Ca ions have previously been implanted on the surface of Ti in order 
to improve its biocompatibility and clinical efficacy [Hanawa et al. 1997; 
Howlett et al. 1999a; Ikeyama et al. 2000; Jinno et al. 2004; Krupa et al. 
2001a; Wieser et al. 1999]. However, very few studies examined the in depth 
biological responses of Ca ion-implanted Ti (Ca-Ti) in vivo and especially in 
vitro. Hanawa et al claimed that Ca ion-implantation enhanced the 
osseointegration and the formation of new osteoid tissue even at 2 days after 
surgery in a rat tibia model when compared to cpTi [Hanawa et al. 1997]. 
These authors implanted Ca ions into only one side of the Ti plates, which 
were then surgically inserted into the rat tibia for 2, 8, and 18 days. Rats were 
given injections of calcein (to label newly formed bone) and tetracycline (to 
label calcium phosphate deposits). After excision, the rat tibia tissues from 
around the plates were stained with Villanueva bone stain and the specimens 
were observed under a fluorescence microscope. Hanawa et al found that a
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larger amount of new bone was formed on the Ca-treated side than on the 
untreated side, even at 2 days after surgery. Furthermore, at 8 days, 
tetracycline labeling was observed only on the Ca-implanted side of the Ti 
plates, which was indicative of an earlier formation of the mature bone. In 
contrast, on the untreated Ti control side, not only the bone formation was 
delayed, the bone also appeared to have made no contact with the surface. 
Absence of macrophage and/or inflammatory cell infiltration also indicated 
that Ca-implanted Ti was more biocompatible than the Ti alone [Hanawa et 
al. 1997]. In addition, these authors demonstrated an accelerated calcium 
phosphate formation on Ca-Ti surfaces in comparison with the non-implanted 
Ti upon exposure to SBF during culture of MC3T3-E1 cells. Based on these 
findings, it was concluded that a rapid precipitation of calcium phosphate and 
the formation of surface-modified layer of titanium dioxide may have been 
responsible for the enhanced biocompatibility of Ca-Ti surfaces in vivo 
[Hanawa et al. 1993; Hanawa et al. 1996a; Hanawa et al. 1996b; Hanawa et 
al. 1997; Hanawa et al. 1998]. However, these claims were challenged by 
Howlett et al due to the lack of both quantitative and surface topographic 
measurements [Howlett1999b]. The papers published by Hanawa group not 
only lack details of the exact ionic concentrations, but also contain 
questionable experimental parameters. An example of this is their use of 
Auger electron microscopy (AES) surface analysis to study the depth 
distribution of the implanted species without acknowledging the differing 
sputter rate of heavier particles as compared to the lighter ones [Howlett 
1999b].
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Ca ion-implantation has also been shown to reduce the Young’s 
elastic modulus of Ti, which is known to be higher than bone [Hassan2004]. 
Young’s elastic modulus is defined as coefficient of elasticity of a substance 
or a ratio between stress that acts to change the length of a body and the 
fractional change in length caused by this force. Since low elastic modulus 
enhances stress redistribution of the implant to the adjacent bone tissue and 
also minimizes the stress shielding, these authors concluded that Ca ion- 
implantation might eventually serve to prolong the survivability of these Ti 
implants [Hassan2004; Brown1997]. Jinno et al reported that a combination 
of corundumization (blasting 24-grit aluminium-oxide particles) and Ca ion- 
implantation offers a useful surface modification technique to achieve early 
fixation of Ti implants [Jinno et al. 2004]. Using a canine total hip arthroplasty 
model, Jinno et al showed that such surface-modified Ti femoral stems when 
inserted into dogs had greater bone apposition than the control (non-treated) 
Ti implants. Fifteen dogs underwent bilateral hip arthroplasties and were 
sacrificed at 1, 6, and 12 months post-operatively. Based on radiographic, 
SEM and histological evaluation, it was found that the Ca-implanted femoral 
stems were well integrated and had greater new bone apposition than non- 
Ca-implanted stems; the differences were significant as early as after 1 
month [Jinno et al. 2004].
Reports of Ca ion-implantation into Ti with the aim of examining the 
biological response in vitro include the work of Krupa et al [Krupa et al. 
2001a]. They demonstrated that, despite increased corrosion resistance in 
SBF under stationary conditions, there was no beneficial effect of Ca ion- 
implantation on the viability or the ALP activity of human bone-derived cells
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(HBDC). Nevertheless, the same authors also reported an excellent 
spreading of osteoblastic cells cultured on Ti surfaces implanted with Ca ions 
at a dose of 1 x 1017 ions cm '2'. These authors did stress the need for further 
biocompatibility work, since no adverse reaction was elicited on the 
implanted surfaces [Krupa et al. 2001a].
However, in another study, Ca-Ti surfaces were shown to promote 
adhesion and colonisation of the oral bacteria Porphyromonas gingivalis and 
Actinobacillus actinomycetemcomitans, which can be detrimental as it 
increases the risk of dental plaque formation, peri-implantitis (infection 
around dental implants) and subsequent bone loss [Yoshinari et al. 2000]. 
Thus, while the in vivo findings, as those remarked upon by Howlett 
[Howlett1999b], are quite contradictory, very little in vitro work has been 
carried out to clarify the underlying mechanisms responsible for either 
beneficial or adverse cellular responses to Ca-Ti surfaces.
1.5 Aim of the study
The current research was carried out to investigate human bone cell 
responses to Ti surfaces implanted with Ca, K and Ar ions compared with 
non-implanted Ti in vitro. A number of biological parameters such as cell 
adhesion, cell spreading and morphology, cell proliferation, the cell cycle and 
bone cell function were examined.
This study has been carried out in parallel with the characterisation 
and physicochemical examination of the ion-implanted Ti surfaces, 
conducted by the Biomaterials and Tissue Engineering Division at the 
Eastman Dental Institute. A summary of their findings is presented in
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Appendix A. Ti discs from each batch of ion-implantation were equally 
divided between the surface characterisation and the cell work.
1.6 Layout of the thesis
Brief descriptions of the basic principles of the different techniques 
employed in the current study, are presented in Chapter 2. The results of 
these investigations are then divided into four chapters (Chapters 3-6). Each 
chapter has its own introduction section which deals with the background 
information applicable to that specific chapter.
Chapter 3 deals with human alveolar bone and MG-63 cell 
attachment, growth and morphology on Ca, K and Ar-implanted Ti surfaces, 
while Chapter 4 presents a detailed assessment of osteoblastic adhesion in 
response to different levels of Ca ion-implantation. The effects of Ca-Ti 
surfaces on proliferation and progression of bone cells through different 
phases of the cell cycle were also investigated and are described in Chapter 
5. Bone cell function in response to Ca ion-implantation was examined by 
measuring the expression of bone-associated antigens at the protein as well 
as gene levels and results are included in Chapter 6. Lastly, Chapter 7 offers 
final conclusion and some suggestions for targeting the future research.
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Chapter 2
Techniques Used
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2.0 Introduction
This chapter explains the basic principles of the ion-implantation process 
and the techniques which were employed to study the responses of human 
bone cells to the modified Ti surfaces in vitro. The selected approaches were 
directed to evaluate a range of cellular activities, such as cell adhesion, cell 
morphology and spreading, cell proliferation, cell cycle and cell function.
To circumvent the problem of visualising cells on the opaque Ti discs, 
scanning electron microscopy (SEM) and confocal laser scanning 
microscopy (CLSM) were utilised. SEM was used to assess the initial cell 
binding and the morphological characteristics of the attached cells, while 
CLSM was employed to analyse the effects of ion-implantation on the 
formation of cell adhesion plaques. In addition, the number of radioactively- 
labelled cells attached on Ti surfaces was determined by means of liquid 
scintillation spectroscopy.
Furthermore, the effects of ion-implantation on the chemical composition 
of Ti surfaces under tissue culture conditions were analysed by energy 
dispersive X-ray spectroscopy (EDS). A [3H] thymidine incorporation assay 
was employed to measure the change in cell number in response to the ion- 
implantation of Ti surfaces; while flow cytometry (FCM) was used to 
investigate the effects of ion-implanted Ti on cell proliferation, cell cycle and 
also on cell function. Lastly, gene expression of bone-associated antigen by 
cells cultured on Ti surfaces was assessed using reverse transcriptase 
polymerase chain reaction (RT-PCR).
23
2.1 Preparation of titanium substrates
Cp Ti discs (grade 1, 99.6% pure, 14 and 8 x 1  mm diameter and 1mm 
thickness) (Goodfellow, Cambridge Ltd, UK) were polished on one face to a 
mirror finish using a RotoPol II polisher (Struers Ltd, Glasgow, Scotland).
Due to its inherently soft nature, Ti scratches easily and tends to facet 
during polishing which made it difficult to achieve a mirror finish. A number of 
different ways of mounting the Ti discs on the methyl methacrylate resin 
(MMA) jigs, to allow for their positioning on the polishing stage prior to 
grinding, were tried. Samples used in the present work were polished using 
the following protocol:
Ti discs embedded in MMA jigs using warm wax (Associated Dental 
Products Ltd., England) were incubated for 2-3 h at room temperature (RT). 
Once set, the grinding/polishing of Ti discs was carried out in three stages as 
described below in Table 2.1:
Table 2.1: Polishing protocol forTi discs
Stage Grit/cloth used Speed
(RPM)
Force
(N)
Time
(Sec)
Lubricant
1 1200 silicon carbide 300 25 45 H20
2 2400 silicon carbide 300 25 45 h 2o
3 chemical cloth 150 20 240 0.1 pm colloidal
(APCHE) ' silica suspension
+ 5% H20 2 (4:1 v/v)
Suppliers of grits and chemical cloth: Struers Ltd, and H20 2: BDH laboratory supplies, 
Poole,UK.
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Polished Ti discs were manually removed from MMA jigs and the 
remaining traces of wax were cleaned by sequential ultrasonication in 
toluene (Sigma-Aldrich Company Ltd., Gillingham, UK), HPLC grade acetone 
(BDH laboratory supplies, England) and ultra pure water (3 baths in fresh 
solvents, 5 min each). The samples were then air-dried and stored in a 
desiccator at RT prior to ion implantation.
2.2 Ion-implantation
Ion-implantation is a well-controllable and reproducible high vacuum 
technique that can induce intrinsic modifications within the surface, while 
preserving the bulk properties of the implanted material. The process of ion- 
implantation involves the bombardment of surfaces with ions that have been 
previously selected and accelerated in an electrostatic field to high velocities. 
The ions disrupt the surface of the materials due to their high kinetic energy, 
penetrating and becoming implanted within its atomic network. The 
penetration depth of the implanted ion is determined by the mass of the ion, 
the atomic mass of the substrate and the energy of implantation (Figure 2.1) 
[Ryssel and Ruge 1986; Sze1981].
For the current study, ion-implantation of Ti was carried out by Dr T. J. 
Tate at the Department of Electrical and Electronic Engineering, Imperial 
College of Science, London, UK using a Whickam 200 ion implanter, 
equipped with a Freeman ion source, a graphite arc chamber and tungsten 
filament. The ion-implanter was maintained at a background pressure of 2 x 
10’7 mbar and the ion beam set at 40 keV was passing through a mass 
analysing magnet in order to achieve resolution equal to 1 atomic mass unit
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(a.m.u). As shown in Figure 2.1, the entire ion source of the implanter was 
enclosed within a shielded high voltage enclosure. The ions generated in the 
primary ion beam were extracted at a preset energy and accelerated towards 
a mass analysing magnet which deflected the primary beam allowing only the 
passage of ions with the chosen mass/charge ratio. The substrate to be 
implanted was mounted onto a movable stage vertically positioned in the 
chamber and was scanned through the stationary ion beam (Figure 2.1).
Ionised
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Ion Source Acceleration &  Focus Target Chamber
Figure 2.1: Schematic diagram of main components of an ion-implanter, adapted from the 
user’s manual of Whickam 200 ion-implanter.
Figure 2.2 offers a schematic explanation of the ion-implantation 
process and the arising change in the substrate surface. Bombardment of the 
surface by primary ion beam can have direct physical effects on the Ti lattice 
causing a cascade of collisions within the surface atoms, resulting in 
sputtering of the oxide layer, creation of vacancies and defects at the surface 
(Figure 2.2) [Brown1989]. For this particular reason, it was imperative to
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establish whether the ion-implantation process itself was not responsible for 
an enhanced biological response, previously reported for Ca-Ti surfaces 
(Chapter 1), but instead is solely due to the chemistry of the implanted ion 
and the resulting Ti surface. To test this, 39K+ and 40Ar+, in addition to 40Ca+, 
were also implanted into the surface of Ti. Although these elements have 
similar masses and create similar damage on implantation, chemically they 
are quite different. Ar+, being chemically inert, was selected as a control to 
assess any effects of the implantation process itself, while the chemically 
active, monovalent K+ ions were selected for a direct comparison to the Ca2+ 
ions. In order to implant Ca ions into Ti, a Ca metal source was used at a 
temperature of 610°C, while a KCI source at 450°C was utilised for the 
implantation of K with the aid of neon support gas, and an Ar gas source was 
used for Ar ion implantation into Ti.
Primary ion beam
O  Sputtered particles 
O  °
Collision cascade 
following ion-implantation
Figure 2.2: Schematic illustration of ion-implantation process
Based on the initial findings (Chapter 3), the later experiments 
primarily focused on the influence of ion-implantation of Ti with different 
levels of Ca by implanting three doses of this particular ion into the Ti lattice
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and examining their effects on cellular responses in vitro. The type of ions 
and the doses at which they were implanted into Ti are shown in Table 2.2.
Table 2.2: Type and doses of ions implanted into Ti
Implanted ion Implantation dose (ions cm'2) 
Low Medium High
Ca+ 1x1015 1x1016 1x1017
K+ 1x1017
Ar+ 1x1017
Prior to ion-implantation, Ti discs were mounted onto plates made of 
stainless steel, whose interference during the implantation process is 
negligible (Figure 2.3). One plate per ion was prepared using nail varnish as 
an adhesive to avoid any pooling around or on the samples and they were 
allowed to dry overnight. The plates were then placed vertically in the 
implanter.
Mounting plate ('A”  free at top & bottom)
— /   1O0©©€©QOCXDQQQ
Polished Ti discs ►
GXXXXXXG
Figure 2.3: Schematic diagram of Ti discs mounted on stainless steel plate for ion- 
implantation
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Following implantation, samples were gently removed from the 
mounting plates using acetone and were cleaned by sequential 
ultrasonication in HPLC grade acetone and deionised water (5 min each). 
Both the control (non-implanted) and the ion-implanted Ti discs were 
sterilized by exposing each side to the ultraviolet light (UV illuminator) for 1-2 
h prior to cell culture. The sterile discs were stored in the 24 well tissue 
culture plates (Beckton-Dickinson Ltd, Oxford, UK) at room temperature (RT) 
in a desiccator.
2.3 Surface characterisation
Surfaces of both control and ion-implanted Ti discs were characterised 
by Dr F. H. Jones and other members of the Biomaterials group using X-ray 
photoelectron spectroscopy (XPS) and secondary ion mass spectroscopy 
(SIMS). A summary of their findings is presented in Appendix A.
2.4 In vitro model for testing bone cell response to the ion-implanted 
titanium
Due to time, effort, cost, increasing restrictions and lack of precise data 
derived from animal experimentation, in vitro biological evaluation has 
become a major tool in biocompatibilty studies of modified materials 
designed for surgical application. Cell culture techniques have the potential to 
provide fundamental information about the events which occur at 
bone/material interfaces, thereby enabling precise biological activities to be 
analysed in a controlled environment for the target cells cultured in direct 
contact with the implant material [Oreffo and Triffitt 1999].
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It has been demonstrated previously that the biological responses to 
implant materials such as Ti are cell specific [Hunter et al. 1995]. Depending 
on the type of tissue being examined, in vitro studies have used cells such as 
fibroblasts and epithelial cells [Grill et al. 2000b; Grill et al. 2000a; Groessner- 
Schreiber et al. 2003; Prigent et al. 1998; Ruhling et al. 2001]. As bone 
formation is of great relevance in osseointegration, many research groups 
have studied the response of osteoblastic cells to dental and orthopaedic 
biomaterials [Ahmad et al. 1999; Anselme et al. 2000; Boyan et al. 1998; 
Cooper et al. 1999; Filippini et al. 2001; Howlett et al. 1994; Howlett et al. 
1999a; Krause et al. 2000; Ku et al. 2002]. Osteoblasts, derived from 
undifferentiated mesenchymal stem cells, have the ability to synthesise and 
produce ECM. They control bone mineralization and thus play an important 
role in regulating the ingrowth of bone to the implant. Osteoblasts are 
therefore proposed to be key cells with regard to investigating implant 
performance, and assessing their behaviour may provide insight into the 
biocompatibility of a material [Aubin2001; Mackie2003; Schwartz et al. 1997]. 
As the material under investigation is being developed with the objective of 
bone implantation, osteoblast cell culture was chosen for the current study. 
The effects of ion-implantation of Ti were assessed by examining the 
responses of two types of human bone cells i.e. primary alveolar bone cells 
and MG-63 osteosarcoma cell line.
Fragments of normal human alveolar bone, which would otherwise be 
discarded (ethical approval was not required), were obtained from patients 
undergoing routine molar extraction at the UCL EDI, and processed as 
described in Chapter 3. The human alveolar bone cells, natural targets for
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dental implants, were derived from these explant cultures. The primary cells 
derived from such explants express many of the characteristics of the 
osteoblastic phenotype including ALP activity, and an ability to synthesise 
osteoblast-specific collagenous and non-collagenous proteins [Oreffo and 
Triffitt 1999]. Primary osteoblasts also exhibit their osteogenic potential in 
vitro by forming mineralised bone-like nodules [Salih et al. 2001; Beresford et 
al. 1993]. However, the heterogeneity of cell populations obtained and the 
potential loss of osteoblast phenotype with sequential passaging or 
subculture, often limit their use [Oreffo and Triffitt 1999].
Permanent or immortal cell lines derived from osteosarcoma tumours 
have been extensively utilised to address factors that influence bone cell 
interactions with the implant material. They have several advantages over 
primary cell cultures; for example, they are homogeneous and represent 
clonal populations derived from early stages of the osteoblast lineage. In 
addition to that, a large number of such cells are available for analysis 
[Rodan and Noda 1991]. The MG-63 osteosarcoma cell line used for this 
project was derived from an osteogenic sarcoma of a 14 year old male 
[Clover and Gowen 1994]. It has been well-characterised and validated as a 
model to test the biocompatibility of various implant materials [Lajeunesse et 
al. 1990; Ferraz et al. 1999; Granchi et al. 1995a; Ku et al. 2002; Schwartz et 
al. 1999]. Despite being a tumour cell line, it exhibits many osteoblastic traits, 
including high levels of 1,25-(OH)2 vitamin D3-responsive ALP activity and 
inhibition of cell proliferation after 1,25-(OH)2 vitamin D3 treatment [Boyan et 
al. 1989]. Previous studies have also shown its ability to synthesise
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osteocalcin and collagen type 1, which is characteristic of bone-forming cells 
[Lajeunesse et al. 1990; Lajeunesse et al. 1991].
2.5 Liquid scintillation counting
There are three main types of nuclear decay namely alpha (a), beta ((3) 
and gamma (y). Liquid scintillation counters are used mainly for detecting 
beta (p) decay, which are commonly used in biology, p Decay involves the 
loss or gain of an electron (negatron P') or its positive counterpart (positron 
p+). Negatron p'-emitting isotopes of biological significance include tritium 
(3H), 14C, 32P and 35S. 3H has a maximum energy of 18.61 keV and a half-life 
of 12.3 years. It is suitable for labelling organic molecules including DNA 
[Jones et al. 1994].
DNA is comprised of monomeric units called nucleotides, each of which 
consists of a five-carbon sugar, a phosphate group and a nitrogen containing 
base such as adenine, guanine, cytosine and thymine. If a phosphate is 
removed from a nucleotide, the remaining base-sugar unit is called a 
nucleoside. Thymidine is one such deoxynucleoside required for DNA 
synthesis [Lodish et al. 1996]. Since thymidine is a precursor of DNA, 
incorporation of 3H thymidine by actively growing cells has also been used to 
determine DNA synthesis [Mujoomdar et al. 2004; Lincks et al. 1998; 
Schwartz et al. 1996; Martin et al. 1995; Hambleton et al. 1994]. In addition, 
3H thymidine has been used previously to tag cultured cells. Once radio­
labelled, these cells have also been employed to measure cell adhesion in 
vitro [Okamura et al. 2000; Birkby et al. 1988; Hopper1986; Arisawa and 
Abiko 1984; Yoshinari et al. 2000].
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In the current study, the influence of ion-implantation of Ti on the 
proliferation of bone cells was determined by employing [3H] thymidine 
incorporation assay (Chapter 3), as previously described [Mustafa et al. 
2001]. Moreover, to measure the effects of ion-implanted surfaces on cell 
attachment [3H] thymidine was used as a radioactive tag to label cells 
(Chapter 3 and 4). In order to determine the radio-isotope counts, the sample 
was first dissolved in a suitable solvent called scintillant containing certain 
chemicals known as fluors. When radiation interacts with fluors, scintillations 
(fluorescence flashes) are produced which are measured by photomultiplier 
tubes of WALLAC 1409 liquid scintillation counter (Perkin Elmer Life 
Sciences, Cambridge, UK), which convert light pulses into electronic signals, 
the magnitude of which is directly proportional to the energy of the 
radioactive event [Jones et al. 1994]. Step-by-step details of both cell 
adhesion and cell growth assays are given in Chapter 3.
2.6 Scanning electron microscopy
SEM is a microscope that uses electrons rather than light to form an 
image. The combination of higher magnification, larger depth of focus, 
greater resolution (10 nm compared with 0.1pm for a conventional light 
microscope), and ease of sample observation makes SEM one of the 
instruments commonly used in research areas today. By scanning with an 
electron beam, an image is formed that is a three-dimensional representation 
of the sample surface [Goodhew et al. 2000].
As illustrated in Figure 2.4, a beam of electrons is produced in the 
electron gun at the top of the SEM by heating a metallic filament. This beam
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is attracted through the anode, condensed by condenser lenses, and focused 
at a very fine point on the sample by the objective lens. The scanning coils 
are used to create a magnetic field which deflects the beam back and forth in 
a controlled pattern. Once the electron beam hits the sample, secondary 
electrons are ejected. Secondary electrons are produced by the interactions 
between energetic beam electrons and weakly bonded conduction-band 
electrons in metals. Detectors collect these secondary electrons and convert 
them to a signal that is sent to a viewing screen (Figure 2.4) [Goodhew et al.
2000].
Figure 2.4: Simplified diagram of scanning electron microscopy, adapted from [Jones et al. 
1994]
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To study the influence of ion implantation on the morphology, 
anchorage and spreading of the cells in direct contact with the Ti, SEM 
analysis was carried out using Cambridge 90B SEM (LEO Electron 
Microscopy Ltd, Cambridge, UK) at an acceleration voltage of 15 kV. Images 
of representative random fields were digitally captured at lower and higher 
magnifications for a detailed assessment of the influence of ion implantation 
on the morphological features of the cells attached on these discs. In 
addition, the number of cells attached to the Ti discs and the extent of their 
spreading was determined by digital image analysis (Image-Pro Plus 4.01, 
Media Cybernetics, Crofton, USA) of these SEM micrographs (Chapter 3 and 
4).
2.7 Energy dispersive X-ray spectroscopy
Whenever electrons with high energy strike a solid specimen (as in the 
SEM), X-rays characteristic of the atoms present in the specimen are 
produced. These X-rays are emitted as a result of electron transitions within 
the specimen atoms, whereby the electron beam ejects an inner shell 
electron. This leaves the atom in an excited state. Relaxation of the atom 
occurs by an outer shell electron ‘falling’ into the inner shell vacancy and 
releasing the excess energy as an X-ray. The X-ray is characterised by the 
difference in energy between the two excited states, and measurement of 
either its wavelength or energy is used to identify the element present 
[Garratt-Reed and Bell 2003; Goodhew et al. 2000].
In EDS, the energy of the X-rays is measured, typically using a silicon 
detector. The most intense X-rays emitted are generally associated with the
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inner K shell of electrons (the K series) which can be excited for some 
elements with an electron beam of <10kV (typical accelerating voltages for 
SEM analysis being between 5 and 30kV). However, as the atomic number 
of the emitting element increases, the energy required to remove a K-shell 
electron also increases, until X-rays from this excitation can no longer be 
produced. X-rays corresponding to L and M shell electron excitation are then 
utilised [Garratt-Reed and Bell 2003].
For this study, in order to examine whether Ca implantation affects the 
surface chemical composition of Ti surfaces under tissue culture conditions, 
EDS analysis was carried out using INCA system (Oxford Instruments, High 
Wycombe, UK) attached to a SEM (1450 VP) (Leo, Cambridge, UK). Spectra 
were recorded from specific points on the SEM images of Ti surfaces and 
EDS spectral intensities were normalised to the Ti peak maximum, as 
explained in detail in Chapter 4.
2.8 Confocal laser scanning microscopy
CLSM offers good image resolution, excellent contrast and signal to 
noise ratio, and an ability to perform direct optical image sectioning and 
localisation of more than one fluorescently-labelled molecule within a sample 
[Sheppard and Shotton 1997].
In CLSM, a laser is used to illuminate one spot at a time in the 
specimen (dotted lines in Figure 2.5). The scanning mirrors move the spot in 
a given plane of focus through a precise pattern. The fluorescent light that is 
emitted from the specimen (solid lines in Figure 2.5) bounces off the same 
scanning mirrors and returns to the laser and is transmitted through the
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dichroic mirror. A pinhole in the image plane blocks the extraneous rays that 
are out of focus. The light gets detected by a photomultiplier tube, and its 
signal is digitized and stored by a computer, as illustrated in Figure 2.5 
[Becker et al. 1996],
Image plane
(photomultiplier tube)
•Scanning mirrors
Detector
Dichroic mirror
Objective
Specimen
Figure 2.5: Schematic diagram of confocal laser scanning microscope, adapted from 
[Becker et al. 1996].
CLSM was employed in this study to investigate the effects of ion- 
implanted Ti surfaces on the adhesion of osteoblastic cells at a molecular 
level. Cells cultured on the Ti discs were immunostained for vinculin - a cell 
adhesion molecule, and the formation of vinculin-positive-focal adhesion 
plaques were examined using BioRad MRC-600 CLSM (BioRad 
Microscience Ltd, Hertfordshire, UK). Depth projection micrographs with a set 
of serial optical horizontal image sections using z-step and a 60x objective 
with oil were obtained throughout the samples. To measure the number of
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vinculin-positive adhesion plaques formed per osteoblastic cell, digital image 
analysis of micrographs was carried out (Chapter 4).
2.9 Flow cytometry
Flow cytometry (FCM) is a technique that provides rapid measurement 
of certain physical and chemical characteristics of individual cells in 
suspension. Two types of light scatter are measured by FCM. Low-angle 
“forward scatter” (FSC) is roughly proportional to the diameter of the cell, 
while orthogonal, 90° or "side scatter" (SSC) is proportional to cell granularity 
(internal complexity). In addition, if the cells are first treated with fluorescent 
dyes or fluorochrome-linked polyclonal and/or monoclonal antibodies (mAbs), 
which serve as highly specific biological 'tags', the emitted fluorescent light 
can be used to obtain information about the relative levels of cell antigens. In 
addition to surface receptors, intracellular components can be stained in fixed 
cells, such as DNA, and also protein antigens [0rmerod2000].
In a flow cytometer, small amount of a suspension of cells stained with 
a fluorescent antibody or a dye joins a larger amount of cell-free buffer called 
"sheath fluid". The fluids come together under laminar flow conditions so that 
they flow together evenly without mixing. The "sheath" fluid surrounds a thin 
core thread of sample. This spaces the cells out, so that only one passes the 
laser beam at a time, and keeps Jhe cells centred in the flowing stream so 
that they pass the laser beam optimally centred. FCM instruments make 
measurements using this light as a source of excitation; fluorescent light 
emitted by each cell is recorded as it passes through the detection point 
rapidly. The momentary pulse of scattered and fluorescent lights emitted as
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the cell crosses the beam is measured by photomultipliers at a 90 degree 
angle from the beam. Typically, 2-3 detectors are used with different 
wavelength bandpass filters, allowing the simultaneous detection of 
emissions at different wavelengths for different fluorochromes in each single 
cell. Finally, after conversion of the photon pulses into electronic signals and 
further computational processing, graphical display and statistical 
measurements are made, as illustrated in Figure 2.6 [0rmerod2000; 
Radbruch A.2000]
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Blocker bar F*°W chamber Laser steering mirror
Figure 2.6: A schematic diagram of generalised flow cytometer system, adapted from 
[Ormerod 2000].
FCM is widely used for basic cellular and molecular research in the 
field of haematology and immunology. It allows specific measurement in 
heterogeneous cell populations without the need of physical separation of
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individual cells [Radbruch2000; Scheffold and Kern 2000]. FCM has also 
been utilized to assess cellular responses to the novel orthopaedic and 
dental implant materials [Lopes et al. 1998; de Ruijter et al. 2001; Ferraz et 
al. 1999; Ferraz et al. 2000; Granchi et al. 1995a; Granchi et al. 1995b; 
Prigent et al. 1998]. For the current study, FCM analysis was carried out in 
order to examine the influence of ion-implantation of Ti on relative cell size, 
cell granularity and expression of cell adhesion molecules (Chapter 4), 
measurement of DNA content and DNA synthesis (Chapter 5), and 
expression of bone-associated antigens (Chapter 6). A FACScan flow 
cytometer (Becton Dickinson, Cowley, UK), which utilises an argon-ion laser 
of wavelength 488 nm and 15mW output, was used for this purpose.
2.10 Reverse transcriptase polymerase chain reaction
RT-PCR allows measurement of the relative amounts of a specific 
messenger ribonucleic acid (mRNA) in a cell, which is a reflection of the 
activity of the parent gene [Brown1997]. RT-PCR was carried out for this 
study in order to monitor the influence of ion-implantation of Ti on the 
expression of osteopontin (OPN) - a bone specific gene. In this assay RNA 
molecules are first converted into single-stranded complimentary DNA 
(cDNA) using reverse transcriptase. This enzyme is involved in the 
replication of several kinds of viruses and has a unique ability of synthesising 
the DNA strand complementary to the RNA template. Following reverse 
transcription, standard polymerase chain reaction (PCR) is carried out to 
amplify the specific sequence of cDNA (Figure 2.7) [Brown1997].
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PCR is a method by which specific sequences of DNA can be copied 
many times. It is based on the ability of the DNA polymerase enzyme to carry 
out in vitro amplification of specific DNA sequences, using two specific 
oligonucleotide primers that hybridize to opposite strands and flank the 
region of interest in a specific DNA. The template in the case of RT-PCR is a 
specific single-stranded cDNA [Lodish et al. 1996]. A DNA chain synthesis 
begins as these specific oligonucleotides primers present at high 
concentration, hybridise with their complementary sequences in the DNA.
Isolation of RNA from cells grown on Ti discs
Reverse Transcriptase
S 3  RNA-DNA hybrid
Degrade RNA strand
J_Li 1
-1- OPN Primers
PCR
Agarose gel electrophoresis
Densitometry of gel
Figure 2.7: Flow chart showing scheme for evaluation of the effects of ion-implantation of Ti 
surfaces on OPN gene expression.
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These hybridised oligonucleotides serve as primers for the extension, 
which is made possible due to the addition of a supply of deoxynucleotides 
and a temperature resistant DNA polymerase, such as Taq polymerase. 
Once the synthesis is complete, the whole mixture is heated to facilitate the 
melting (strand separation) of newly formed DNA duplexes. By lowering the 
temperature again, another cycle of synthesis begins, as excess primer is still 
available in the mixture. Repeated cycles of these cooling and melting steps 
quickly result in exponential amplification of the specific sequence of interest 
lying between the primer sites. In each cycle there is an increase in DNA 
molecules by a factor of two, resulting in a million-fold amplification of the 
segment of interest after twenty cycles of the PCR [Lodish et al. 1996].
PCR was carried out in the current study using a PCT-100 thermal 
cycler (MJ Research, Boston, MA, USA). The amplified products were 
visualised using 2% agarose gel electrophoresis and ethidium bromide 
staining with UV illumination image capture. Agarose is a long-chain 
polysaccharide containing repeating units of D-galactose and 3,6-anhydro-L- 
galactose. It is a molecular sieve of different sized holes. Agarose gel 
electrophoresis is a standard method of analysing DNA molecules larger than 
200 base pairs (bp). In buffers of neutral or alkaline pH, DNA, due to its 
phosphate backbone, is negatively charged, and thus migrates toward the 
anode (+) in an electric field. Ethidium bromide is a fluorescent dye used for 
staining DNA. It contains a planar group that intercalates between the 
stacked bases of DNA. UV radiation absorbed by the DNA at 260 nm is 
transmitted to this dye and emitted in the red-orange region of the visible 
spectrum [Jones et al. 1994].
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For the current study, expression of OPN gene by cells grown on Ti 
surfaces was assessed in parallel with that of a house keeping gene 
“glyceraldehyde-6-phosphate dehydrogenase (GAPDH)” (Chapter 6). 
GAPDH is a major metabolic gene which is constitutively transcribed in most 
primary cells and cell lines and is often used as an internal control for semi­
quantification of target gene expression [Carre et al. 1991; Dukas et al. 1993; 
Ihl-Vahl et al. 1995]. Dukas et al confirmed that GAPDH represents a reliable 
standard for studies of gene expression as they found very small variations in 
its expression during the growth of AR4-2J pancreatic cells [Dukas et al. 
1993]. Semi-quantitative determination of the effects of ion-implantation of Ti 
on the expression of OPN was achieved first by digitization of gels and then 
by densitometric evaluation using Scionlmage software (Scion Corporation, 
Frederick, MD, USA). The values obtained for OPN were then normalised 
against band intensities measured for GAPDH.
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Chapter 3
Bone Cell Interactions with Ion-Implanted
Titanium
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3.0 Introduction
In order to ensure a close apposition of bone to implants, the 
knowledge of cellular responses to the implants is essential. In vitro studies 
provide useful information about early events occurring at the cell-material 
interface which are known to affect subsequent cell and tissue reactions 
[Puleo and Nanci 1999]. Previous reports have shown that surface properties 
of implants play a vital role in dictating their biocompatibility. Besides reacting 
to surface physical properties such as topography and roughness [Lange et 
al. 2002; Zinger et al. 2004], bone-forming osteoblasts are known to be 
sensitive to differences in material surface chemistry [Krupa et al. 2001a; 
Howlett et al. 1999a; Zreiqat et al. 1999; Wieser et al. 1999], and even to 
implant surface cleanliness and sterilisation techniques [Stanford et al. 1994; 
Swart etal. 1992].
Since cells interact with the outermost atomic layer of the implant 
surfaces [Puleo and Nanci 1999], altering the surface chemistry via 
incorporation of ions through the ion-implantation process, is likely to alter the 
biocompatibility of Ti implants. Therefore, cell responses to the ion-implanted 
surfaces should be thoroughly addressed and investigated. The initial 
experiments, presented in this chapter, focused on assessing cell adhesion, 
morphology, spreading and growth of osteoblastic cells of human origin 
cultured on the non-implanted (control) and Ca, K and Ar-ion-implanted Ti 
surfaces. Ca ions were selected due to their previously-documented 
important biological functions [Dvorak and Riccardi 2004; Riccardi2000] 
(Chapter 1), while K and Ar ions were chosen as controls. Despite 
electrochemical differences, the atomic masses of K and Ar are similar to that
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of Ca and were therefore expected to implant in a similar manner. This was 
important to test, since cellular responses were previously observed to alter 
solely due to the ion-implantation process [Suzuki et al. 1994]. These authors 
have demonstrated that the number of HeLa cells adhering to polystyrene 
surfaces were increased as a result of implantation of even chemically inert 
Ar and neon ions [Suzuki et al. 1994].
3.1 Background
3.1.1 Cell adhesion to titanium implants
The adhesion of cells to implants is an important indicator of their 
biocompatibility. Events occurring in this initial phase of the cell-material 
interactions influence the cell’s capacity to grow on contact with the implant. 
It is widely known that cells do not interact with the bare implant materials 
either in vivo or in vitro [Anselme2000]. In the case of titanium, a strong and 
tightly bound 1-10 nm thick oxide layer is formed over the surface within a 
millisecond of exposure to air, which is capable of withstanding the 
physiological environment without disintegration [Brown1997]. Films on Ti 
implants retrieved from human tissue were found to be even two to three 
times thicker [Ask et al. 1989; Lausmaa et al. 1988; Sundgren et al. 1986]. 
This continued oxide growth reflects ongoing electrochemical events at the 
tissue-implant interface. Furthermore, surface analytical studies showed that 
the chemical composition of the oxide films present on Ti surfaces changes 
by incorporating Ca, P and S ions [Lausmaa et al. 1988; Ikeyama et al.
2000]. Ikeyama et al demonstrated that the surface oxide layer formed on
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Ca-implanted Ti was much thicker than the oxide produced on non-implanted 
control surfaces [Ikeyama et al. 2000].
It has been reported that prior to cell adhesion, the implant surfaces 
are conditioned by the biological fluid components of plasma or serum 
[Chesmel et al. 1995; Derhami et al. 2001]. Chesmel et al demonstrated that 
proteins from serum used in the tissue culture medium were adsorbed on the 
material surfaces forming multiple molecular layers [Chesmel et al. 1995]. 
Similarly, Derhami et al showed adsorption of several serum-derived proteins 
such as albumin, alpha2-HS-glycoprotein, alpha-fetoprotein, plasminogen, 
thrombospondin 1, and serotransferrin onto the surfaces of cpTi [Derhami et 
al. 2001]. This adsorption layer was proposed to have a profound effect on 
the attachment and spreading of the cells to the surface of implant materials 
[Anselme2000]. The character of the adsorbed protein layer varies with the 
surface properties of Ti, with chemical, morphological and electrical features 
being important variables. These factors result in changes in the surface 
energy and therefore lead to variations in the amount and conformation of 
proteins adsorbed [Kasemo and Lausmaa 1988].
The numbers of cells attached to different substrates can be assessed 
by different methods. These may involve direct counting of the attached cells 
after detaching them from the substrates using trypsin; the cells may then be 
counted directly using a haemocytometer [Koulaouzidou et al. 1998] or a 
Coulter counter [Rao et al. 1996]. Another cell attachment assay employs 
radioactive techniques to label cells that are subsequently detached and 
counted in a liquid scintillation counter [Okamura et al. 2000; Birkby et al., 
1988; Hopper1986; Arisawa and Abiko1984; Yoshinari et al. 2000] (Chapter
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2). A previous study used [3H] thymidine (a radioactive precursor of DNA) to 
label human alveolar bone and MG-63 cells in order to test the effects of ion- 
implantation / deposition on osteoblastic cell attachment [Howlett et al. 
1999a]. The use of radioactively labelled cells was also appropriate for this 
study as it was previously shown that cells, once adhered firmly to Ti discs, 
could not be easily retrieved by a single trypsin treatment [Martin et al. 1995]. 
In addition, due to the opacity of Ti discs, which rendered light microscopy 
impossible, binding of cells to Ti surfaces was observed via SEM and image 
analysis was employed to measure the number of attached cells, as 
described earlier by Mustafa et al [Mustafa et al. 2000; Mustafa et al., 2001].
3.1.2 Morphology and spreading of cells attached to titanium
After initial attachment, the spreading of anchorage-dependent cells is 
generally believed to be required in order to maintain a stable cellular 
adhesion in vitro, and the cells that cannot adhere and spread often die via 
apoptosis (programmed cell death) [Puleo and Nanci 1999]. It was shown 
previously that the spreading of cells on the surfaces of substrates is of major 
importance for the subsequent cell growth [Chen et al. 1997]. In another 
study cell shape was found to be tightly correlated with the DNA synthesis 
and the growth of non-transformed cells [Folkman and Moscona 1978]. Chen 
et al demonstrated that the more cells spread on a substrate, the higher their 
rate of proliferation [Chen et al. 1997]. They cultured endothelial cells on 
micro-fabricated substrates containing fibronectin-coated islands of various 
defined shapes and sizes of a micrometer scale. Cells spread to the limits of 
the islands containing fibronectin substrate. When the spreading of cells was
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restricted by smaller adhesive islands, proliferation was arrested, whereas 
larger islands permitted proliferation [Chen et al.1997].
A conventional method to assess the morphological characteristics of 
cells, adhered to opaque implant materials such as Ti, is to use SEM 
(Chapter 2) [Kirkpatrick et al. 1997; Foschi et al. 2004; Jayaraman et al. 
2004; Satsangi et al. 2003; Weston et al. 1999]. In addition to this qualitative 
examination, the semi-quantitative assessment of cell spreading 
(measurements of area and shape factor of cells adhered to the substrate) 
on Ti discs is often carried out using digital image analysis [Ahmad et al. 
1999a; Shah et al. 1999a]. Shah et al carried out a comparative analysis of 
primary human osteoblastic cell adhesion and spreading between two 
clinically relevant orthopaedic alloys, Ti-6AI-4V (Ti) and cobalt-chrome- 
molybdenum (CC). To examine cellular morphology on opaque Ti and CC 
surfaces, they stained osteoblasts with PKH-2 (a lipid soluble vital fluorescent 
dye that intercalates with the cell membrane) and visualized them using 
confocal laser scanning microscopy. Digital image analysis was used to 
determine total cell area and cell perimeter and then cell shape factor 
[(area/perimeter2) x 4t t ] was calculated. Their findings revealed that cells on 
sandblasted roughened Ti surfaces were relatively less spread than those on 
rough CC [Shah et al. 1999a]. Similarly, Ahmad et al measured spreading of 
human osteoblast-like cells cultured on cpTi discs by determining their shape 
factor. They found cpTi-induced differential morphologic changes in cells 
between grade 1 and 4 of the material [Ahmad et al. 1999a].
The effects of textured Ti-6AI-4V surfaces on the spreading and 
orientation of mouse calvarial MC3T3-E1 cells were assessed by Soboyejo et
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al [Soboyejo et al. 2002]. The test H-6AI-4V surfaces were produced by laser 
microgrooving, blasting with alumina particles and polishing. Cell-Ti 
interactions were studied using a combination of optical scanning 
transmission electron microscopy and atomic force microscopy. Their results 
showed that the MC3T3-E1 cells responded differently to Ti-6AI-4V surfaces 
of different surface topography and microchemistry. The 8-12 pm 
microgroove geometries were found to promote contact guidance along a 
narrow range of angles. In contrast, the smooth and alumina-blasted 
roughened surfaces promote random cell orientations that are likely to give 
rise to increased scar-tissue formation. In general, however, the alumina- 
blasted and the 8 and 12 pm microgrooved geometries caused restricted cell 
spreading compared to smooth Ti-6AI-4V surfaces [Soboyejo et al. 2002].
A previous in vitro study suggested that the modification of Ti surface 
chemistry by Ca ion- implantation influenced the morphological behaviour of 
human osteoblast-like cells [Krupa et al. 2001]. In this investigation human 
derived bone cells were cultured in direct contact with the Ca-implanted and 
non-implanted Ti discs and cell spreading was observed using SEM. Krupa 
et al demonstrated an excellent spreading of human bone-derived cells on Ti 
discs which were implanted with the Ca ions at a concentration of 1 x 1017 
ions cm*2 in comparison with those on the non-implanted Ti [Krupa et al.
2001]. For the current study, all Ti surfaces were polished to a mirror finish 
prior to the ion-implantation process. Thus whilst keeping the surface 
topography constant, the aim was to investigate whether altering the surface 
chemistry of Ti discs would have an effect on the morphology and spreading 
of osteoblastic cells.
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3.1.3 Bone cell growth in response to titanium implants
Growth of osteoblastic cells attached on the surface of implants is 
necessary for the successful “wound healing” or osseointegration in vivo 
[Puleo and Nanci 1999]. Since the long-term bone ingrowth is a consequence 
of initial cell attachment [Boyan et al. 2003], and one of the main regulators of 
proliferative rates of cells is shape [Chen et al. 1997; Folkman and Moscona 
1978], the responses of osteoblastic cells to ion-implanted Ti discs were 
tested in the current study by quantifying cell adhesion and spreading and 
relating this to cellular proliferation.
For the evaluation of cell proliferation in vitro, the tests which are most 
frequently applied in the field of biomaterials research include [3H] thymidine 
incorporation assay (previously explained in Chapter 2) [Hambleton et al. 
1994; Lincks et al., 1998; Mujoomdar et al. 2004; Schwartz et al. 1996] and 
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay 
[Nishimura and Kawai1998; Yu et al. 2004; Cao et al. 2004; Mante et al. 
2003; Groessner-Schreiber et al. 2003]. MTT assay is based on the ability of 
a mitochondrial dehydrogenase enzyme from viable cells to cleave the 
tetrazolium rings of the pale yellow MTT and to form dark blue formazan 
crystals. The number of surviving cells is directly proportional to the level of 
the formazan product created which is quantified colorimetrically 
[Mosmann1983]. More recently, the use of antibodies against certain 
proteins, such as proliferative cellular nuclear antigen (PCNA) and Ki-67 
which are closely related to certain phases of the cell cycle and which are 
expressed in the dividing cells, has also been reported (Chapter 5) [Filippini
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et al. 2001; Landberg et al. 1990; Scheidbach et al. 2004; Van Kooten et al. 
2000; Katou et al. 1998; Calvo Mateo et al. 1998].
Several researchers have examined the effects of surface 
characteristics of Ti on the proliferation of cultured cells [Lincks et al. 1998; 
Anselme et al. 2000; Bordji et al. 1996; Boyan et al. 2003; Ku et al. 2002; 
Lauer et al. 2001; Lumbikanonda and Sammons2001; Mustafa et al. 2001; 
Degasne et al. 1999; Martin et al. 1995]. These studies suggest that the 
chemical, topographic and electrical surface features of implant materials 
markedly influence the growth of cells in vitro. Osteoblasts have been shown 
to respond differently when grown on Ti surfaces of varying 
microtopographies [Boyan et al. 2003]. Boyan et al demonstrated that on 
smooth Ti surfaces the osteoblasts attach and proliferate, but when grown on 
micro-rough Ti surfaces proliferation was relatively reduced [Boyan et al. 
2003]. Similarly, Mustafa et al found that the proliferation of cells derived from 
human mandibular bone is affected by the surface roughness of Ti implants 
[Mustafa et al. 2001].
Previous studies have indicated that osteoblastic cells cultured on Ti 
do not grow as well as they do on the tissue culture plastic which is 
commonly used as a standard control [Degasne et al. 1999; Martin et al. 
1996; Massas et al. 1993]. Martin et al measured the effects of altering Ti 
surface roughness on MG-63 cell proliferation using [3H] thymidine 
incorporation assay. They showed that when compared to confluent cultures 
of cells on plastic, the number of cells was reduced on plasma-sprayed Ti but 
increased on the electro-polished Ti surfaces [Martin et al. 1995; Martin et al. 
1996].
52
Modification of surface chemistry via the ion-implantation process has 
been previously employed for improving the biocompatibility of Ti implants 
using ions such as P, Mn, Mg, O, N and Ca [Leitao and Barbosa1998; 
Ikeyama et al. 2000; Johansson et al. 1993; Wieser et al. 1999]. In vivo 
studies of Ti modified by Ca-ion implantation have demonstrated increased 
formation of new osteoid tissue [Hanawa et al. 1997]. However, there are no 
reports examining the effects of Ca-implanted Ti on the growth of bone cells 
in vitro. Nevertheless, Krupa et al showed that Ca-implantation had no 
demonstrable effect on the viability and ALP (marker of cell differentiation) 
activity of human bone-derived cells in vitro [Krupa et al. 2001]. Therefore, 
experiments presented in the current chapter were aimed at examining the 
effects of Ca, K and Ar-implanted surfaces on the proliferation of both 
alveolar bone and MG-63 cells using [3H] thymidine-incorporation assay.
3.2 Materials and methods
3.2.1 Preparation of ion-implanted titanium discs
A detailed protocol for the preparation of Ti substrate was previously 
presented in Chapter 2. Briefly, grade 1 cpTi discs were polished on one face 
to a mirror finish using 1200-2400 silicon carbide grit followed by chemical 
cloth with a colloidal silica suspension in 5% H2O2. They were then cleaned 
by ultrasonication in acetone followed by deionised water. Ion-implantation 
was carried out at Imperial College of Science using a Whickam 200 keV 
implanter, at an implantation energy of 40 keV. The Ti discs were implanted 
with 40Ca* (1 x 1017 cm'2), 39K+ (1 x 1017 cm'2) and 40Ar* (1 x 1017 cm'2) ions
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and were subsequently used for cell culture work and for the surface 
chemical analysis (Appendix A).
3.2.2 Cell culture
Fragments of the normal human alveolar bone, obtained from the 
patients undergoing routine molar extractions at UCL EDI, which would 
otherwise be discarded, were placed in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% fetal calf serum (FCS), 100 lU/ml penicillin, 
100 ng/ml streptomycin, 2 mM L-glutamine and 25 pg/ml fungizone (GIBCO 
Invitrogen Corporation, Paisley, UK). The fragments were cut into small 
pieces, washed with phosphate-buffered saline (PBS) and placed into 6 well 
plates in complete DMEM without fungizone. After 18 h of incubation at 37°C 
in a humidified atmosphere of 5% CO2 in air, the bone chips were washed 
with PBS and treated with collagenase (10,000 IU) and 0.25% (w/v) trypsin 
(GIBCO Invitrogen) in PBS for 1 h at 37°C. The cells released into the digest 
were harvested by centrifugation, re-suspended in DMEM and incubated as 
above. The culture medium was changed twice weekly. The cells were sub­
cultured by detaching the confluent layers with trypsin-EDTA (GIBCO 
Invitrogen), centrifuging, washing with fresh medium and seeding into tissue 
culture flasks (Beckton-Dickinson). They were serially passaged and used, in 
the following experiments, between the 1st and the 3rd passages.
The MG63 human osteosarcoma cell line derived from an osteogenic 
sarcoma of a 14-year-old male [Clover and Gowen 1994] was cultured in 
DMEM as for the alveolar bone cells. For all experiments, cells were cultured
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on discs placed in 24 well plates (Beckton-Dickinson). Controls consisted of 
cells cultured directly on the non-implanted Ti (control) discs.
3.2.3 Characterisation of bone cell lineage
Primary osteoblastic cell populations are heterogeneous at any time 
due to differences in maturation and differentiation states between the 
individual cells, or to the existence of different subpopulations of cells in one 
culture [Aubin2001]. The Von Kossa staining method was; therefore, used in 
the current study to examine the formation of mineralising nodules, which are 
characteristic of bone cells in vitro [Beresford et al. 1993].
Human alveolar bone cells from passage 2 were seeded into 35 mm 
culture dishes (Beckton-Dickinson) at a density of 5x105 cells per well and 
incubated for 5 weeks. They were divided into two groups, the control group 
receiving complete DMEM with no supplements, and the test group DMEM 
supplemented with 50 pg / ml ascorbic acid and 10 mM p-glycerophosphate 
(Sigma-Aldrich).
The media were replaced every 2-3 days during the 5 weeks, at which 
time monolayers were washed with PBS and fixed with acetone:methanol 
(1:1) for 10 min, washed with distilled water and examined for the formation 
of mineralised nodules by exposing them to 5% aqueous silver nitrate 
(Sigma-Aldrich) for 30 min in the dark, followed by 60 min in light. The 
presence of dark brown / black nodules was observed by phase contrast 
microscopy, and digital images of both the control and test cultures were 
captured using a Leica FW 4000 microscope (Leica Microsystems Ltd, Milton 
Keynes, UK).
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3.2.4 Attachment of cells to titanium surfaces
For the quantitative measurement of cell adhesion, actively dividing 
bone cells in exponentially growing cultures were ‘tagged’ by radiolabeling for 
18 h with [3H] thymidine (1 pCi ml'1; 44 Ci mmol'1) (Amersham Biosciences 
UK Ltd, St Giles, UK), a radioactive precursor of DNA. The radiolabeled cells 
were harvested by trypsinisation, washed with PBS and resuspended in full 
DMEM. A sample was used to determine the number of cells. A second 
sample was used to measure the incorporation of isotope into DNA by liquid 
scintillation spectroscopy using WALLAC 1409 Liquid Scintillation Counter 
(Perkin Elmer). The specific activity was calculated as the dpm per 1 x 106 
cells and was used to determine the number of adherent cells, as follows.
An aliquot of 0.05 ml of the radioactively labelled cells, containing 1 x 
103 cells, was seeded onto 3 replicate Ti (control) and Ca-Ti, K-Ti and Ar-Ti 
discs which had been placed in 24 well plates (Beckton-Dickenson). These 
were incubated for 4 h at 37°C, the discs washed twice with PBS and the 
non-adherent cells discarded. 0.5 ml of 10% ice-cold trichloroacetic acid 
(TCA) was added for 10 min to precipitate the DNA and the discs washed 
twice again with cold 10% TCA. The DNA on the discs was dissolved in 0.25 
ml of 1% sodium dodecyl sulphate (SDS), transferred to scintillation vials and 
the radioactivity which had remained associated with the discs determined by 
liquid scintillation spectroscopy. The level of isotope recorded was used to 
calculate the number of attached cells, based on the initial specific activity of 
the cells, as noted above.
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3.2.5 Scanning electron microscopy
In order to examine the effects of ion-implantation of Ti on the 
morphology, anchorage, extent of spreading and binding of the alveolar bone 
cells and MG-63 cell line, SEM was carried out as follows: 1 x 103 cells were 
seeded on the surface of 3 replicate Ti (control), Ca-Ti, K-Ti and Ar-Ti discs 
and incubated for 4 h at 37°C in a humidified atmosphere of 5% C 0 2 in air. 
The discs were then removed, transferred to fresh dishes, washed with PBS 
and fixed with 3% glutaraldehyde in 0.1 M cacodylic acid buffer overnight. 
After fixation, the discs were sequentially dehydrated in ethanol (20, 50, 70, 
90 and 100%) for 10 min each, immersed for 1.5 min in hexamethyl 
disilazane solution (HMDS) (TAAB Laboratories Ltd., Aldermaston, UK), a 
critical point drying fluid, and air-dried for 1 h at room temperature. The discs 
were then mounted on metal stubs and a thin layer of gold / palladium was 
sputter coated using a Polaron E5000 (Emitech Ltd., Ashford, UK). The discs 
were then visualised using a Cambridge 90B SEM (LEO Electron 
Microscopy) at an acceleration voltage of 15 kV. The SEM micrographs were 
captured digitally at a magnification of x 100 for counting numbers and from x 
499-2000 for the analysis of cell morphology.
3.2.6 Digital image analysis
In order to investigate the effects of ion-implantation of Ti on the extent 
of bone cell spreading, digital image analysis was carried out as follows: After 
manually tracing the cell outline, the average cell area (pm2) and the shape 
factor [(area/perimeter2) x 4n] of the cells cultured on control and ion- 
implanted Ti discs for 4 h were measured using Image-Pro Plus 4.01
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software (Media Cybernetics) on five representative fields of the SEM 
micrographs. The shape factor of the cell indicated how circular an object 
was. A circle has a shape factor of 1.00, and a line has a shape factor 
approaching 0.0. For reference, the shape factor for an equilateral triangle is 
approximately 0.61, for a square 0.79, and for a pentagon 0.86 [Ahmad et al. 
1999a; Shah et al. 1999a].
3.2.7 Measurement of bone cell growth
Changes in cell numbers were measured for 4 consecutive days by 
differences in DNA synthesis in sub-confluent cultures. A low number of bone 
cells (1x103) were seeded on the discs and, at the designated time points, 
medium containing 1 pCi ml'1 of [3H] thymidine was added for 2 h. The discs 
were washed twice with cold PBS, then with TCA, and the level of 
incorporation of isotope into DNA measured, as described above. In these 
experiments, because of differences in cell attachment, the initial level of 
DNA synthesis at the first time point (24 h) was used as the ‘time 0’ baseline 
value for determining the initial number of cells present on each type of disc.
3.2.8 Statistical Analysis
Experiments were conducted three times each using three replicate 
samples and the standard error of the mean (SEM) was calculated for each 
set of experiments. Significant differences in bone cell responses were 
established using the Student’s t test for paired samples using SPSS 11.0 
software (SPSS, Chicago, IL, USA). A p value of £ 0.05 was considered to be 
statistically significant.
58
3.3 Results
3.3.1 Characterisation of alveolar bone cells
Von Kossa staining was carried out in order to characterise the osteoblastic 
potential of human alveolar bone cells which were employed in the current 
study, as described in section 3.2.3. The cultures of alveolar bone cells 
incubated with mineralising supplements for 5 weeks displayed readily 
detectable numbers of irregularly shaped brown/black bone-like nodules 
when exposed to silver nitrate, as shown in Figure 3.1 A. However, Figure 
3.1B showing control cultures of human alveolar bone cells incubated in 
media that did not contain the supplements, demonstrated an apparent 
absence of equivalent darkly-stained bone-like nodules (Figure 3.1B).
(A) (B)
Figure 3.1: Phase contrast micrographs of alveolar bone cells after 5 weeks of culture and 
staining using the Von Kossa method. (A) Cells cultured with mineralisation supplements 
and (B) control cells cultured in DMEM only, with no mineralisation supplements. The arrows 
show bone-like mineralising nodules in (A), while no nodules were seen in control cultures
(B), magnification x 200.
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3.3.2 Effects of ion-implantation on bone cell attachment
3.3.2.1 Radioactively-labelled cells
Measurements of human alveolar bone cell adhesion showed that 
approximately 44% (± 17) of the cells which had been seeded initially on the 
Ti (control) discs had attached after 4 h of incubation. However, the adhesion 
of the cells to the Ca-implanted Ti surface was found to be significantly 
reduced, to an average of only 63% of the control value, as shown in Figure
3.2 (p = 0.03). In contrast, cell attachment to both K-Ti and Ar-Ti was very 
similar to that on the Ti (control) discs (83% and 81%, respectively).
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Figure 3.2: Adhesion of alveolar bone cells to the Ca-Ti, K-Ti and Ar-Ti discs relative to the 
Ti (control) discs, defined as 100%. The average number of cells which attached to the non­
implanted Ti (control) discs was 440 cells ± 17. The 3 individual experiments are shown as 
♦ ,Aand ■ and the horizontal bar and numbers in brackets show the average of the 3 
experiments.
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The adhesion of radioactively-tagged MG-63 cells to the Ti discs was 
measured in vitro, as described in materials and methods. In 3 separate 
experiments it was found that 62, 57 and 43% (average 54%) of the cells 
which were added initially had attached to the Ti (control) discs during a 
period of 4 h.
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Figure 3.3: Adhesion of MG63 cells to Ca-Ti, K-Ti and Ar-Ti compared with Ti (control) 
discs. The radioactivity remaining on the implanted and Ti (control) discs was measured in 3 
separate experiments. The results of each experiment and the means (numbers and 
horizontal lines) are shown relative to binding to the Ti (control), defined as 100%.
The results in Figure 3.3 show that, under the same conditions, the 
adhesion of MG63 cells to the K- and Ar-implanted Ti discs was similar to the 
non-implanted Ti (95.0 and 90.4% of that of the control, respectively). In 
contrast, the adhesion of osteoblast-like cells to the Ca-implanted Ti discs
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was significantly reduced, to an average of 69.4% compared with the non­
implanted Ti (control) levels (p = 0.02).
3.3.2.2 Scanning electron microscopy
Assessment of alveolar bone cell adhesion to the control and ion- 
implanted Ti surfaces based on the visual observation from SEM 
micrographs (Figure 3.4) suggests that ion-implantation affected the binding 
of these cells. Figure 3.4 shows that fewer cells attached to Ca-Ti surfaces 
compared with the Ti (control) discs after 4 h of incubation. However, the 
extent of spreading of adhered alveolar bone cells to this particular surface 
was greater in comparison with that on the Ti (control), K-Ti and/or Ar-Ti 
discs (Figure 3.4).
Table 3.1 presents the numbers of cells attached to the Ti surfaces 
measured by image analysis at 4 h of cell culture. Adhesion of these primary 
bone cells to the Ca-Ti discs was significantly reduced to an average of 59% 
of the control levels (p = 0.01). The extents of adhesion to the K-Ti and Ar-Ti 
surfaces (Figure 3.4) were both very similar to the non-implanted Ti discs (89 
and 84% of control, respectively), as shown in Table 3.1. The presence of 
rounded cells which were attached but not yet flattened was noted on the 
SEM micrographs of Ar-Ti discs as shown in Figure 3.4. These 
measurements are consistent with the above mentioned results (section 
3.3.2.1) of the adhesion of radioactively-labelled alveolar bone cells to the 
control and ion-implanted surfaces after 4 h of cell culture.
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Figure 3.4: SEM micrographs of alveolar bone cells attached to Ti (control), Ca-Ti, K-Ti and 
Ar-Ti discs following 4 h of cell culture. Note the presence of fewer but well spread cells on 
Ca-Ti surfaces and in contrast attached but not yet spread cells on Ar-Ti discs, as indicated 
by the arrows (magnification x 100).
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Table 3.1: Effects of ion-implantation on the binding of alveolar bone
cells to Ti discs
Substrate Number of attached 
cells
% of control
Ti (control) 580 ± 20 100
Ca-Ti 345 ±15 59*
K-Ti 515 ± 18 89
Ar-Ti 489 ± 25 84
Values shown are the averages (± SEM) of 3 replicate samples repeated 3 times. The 
numbers of the attached cells, after 4 h of incubation, were measured on 5 random fields of 
the SEM micrographs. The values relative to Ti (control) discs, defined as 100%, are also 
shown. * Indicates statistically significant differences compared with the control; shown in 
bold, p = 0.01.
Although, greater numbers of MG-63 cells appear to be adhering to Ti 
discs compared with the alveolar bone cells, Figure 3.5 shows that the 
pattern of binding of both types of bone cells was very similar (Figure 3.4 and 
Figure 3.5). It is apparent that fewer MG-63 cells adhered to the Ca-Ti discs 
in comparison with the Ti (control) following 4 h of incubation. However, MG- 
63 cell attachment does not seem to be substantially affected due to K or Ar 
ion implantation of Ti disc, as shown in Figure 3.5.
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Figure 3.5: SEM micrographs showing binding of MG63 cells to Ti (control), Ca-Ti, K-Ti and 
Ar-Ti discs at 4 h of cell culture. Note reduced cell attachment on Ca-Ti surfaces compared 
with that on the Ti (control) discs (magnification x 100).
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Table 3.2 shows that out of 1000 cells seeded initially on these 
substrates around, 880 ± 23 MG-63 cells were attached on the Ti (control) 
discs after 4 h of incubation. Visual assessment of cell binding by image 
analysis indicates that MG-63 adhesion was reduced on the ion-implanted 
discs in relation to that on the Ti (control), defined as 100%. A significant 
decrease in the cell numbers, to an average of 62% of the control level (p = 
0.04) (Table 3.2) was measured on the Ca-Ti surface. In addition, cell binding 
on the K-Ti and Ar-Ti was apparently nearly as good as that on the Ti 
(control) following 4 h of cell culture.
Table 3.2: Effects of ion-implantation on the adhesion of MG-63 cells
Substrate Number of attached 
cells
% of control
Ti (control) 880 ± 23 100
Ca-Ti 550 + 19 62*
K-Ti 702 ±11 89
Ar-Ti 653 ± 22 84
The average numbers of attached cells (± SEM of 3 replicate samples repeated 3 times) 
shown were measured from 5 random fields of the SEM micrographs. The values relative to 
Ti (control) discs, defined as 100%, are also shown. Note the statistically significant 
difference, shown in bold, between Ti (control) and Ca-Ti surfaces as indicated by * (p = 
0.04).
3.3.3 lon-implantation and bone cell morphology
Human alveolar bone cells incubated on the Ti (control) discs 
exhibited a morphological appearance consistent with an osteobalstic
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phenotype (i.e., polygonal shape with dorsal ruffles and numerous cell 
processes) [Leitao and Barbosa, 1998], as shown in Figure 3.6. At x 2000 
magnification, cells attached on the control and ion-implanted surfaces 
showed fibrillar cell membranes, while the underlying surfaces appeared very 
smooth. The cells which had attached to the Ca-implanted Ti discs appeared 
to be more spread and highly flattened than those on the Ti (control) discs. A 
network of multiple cytoplasmic extensions was present between 
neighbouring cells on this particular surface (Figure 3.6).
In contrast, K implantation of Ti seemed to have no effect on the 
morphological appearance of the cells, as bone cells incubated on K-Ti 
displayed a cell morphology that was similar to those attached on the Ti 
(control) discs (Figure 3.6). Ar-implantation of Ti; however, resulted in a 
converse effect; a larger proportion of rounded cells with apparently reduced 
spreading were observed on this surface, as shown in Figures 3.4 and 3. 6. 
At high magnification, the SEM micrograph shows a picture of a 
representative cell attached on Ar-Ti surface with a granular cell body and 
relatively less cell to substrate contact ratio than those on the Ti (control) 
disc.
The effects of ion-implantation on the morphology of MG63 cells 
observed by SEM were largely in agreement with the response of alveolar 
bone cells, as described above. Figure 3.7 shows that although surface 
modification of the Ti discs by Ca-implantation enhanced the extent of MG-63 
cell spreading at 4 h; nevertheless, it was not as pronounced as the alveolar 
bone cells (Figure 3.6). Cells seeded onto the Ca-Ti discs appeared to be
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Ti (control)
Figure 3.6: SEM micrographs show the morphology of a representative adherent alveolar 
bone cell following 4 h of incubation on Ti (control), Ca-Ti, K-Ti and Ar-Ti discs. Note the 
extent of cell spreading on the Ca-Ti compared with the Ti disc. The cell on K-Ti appears 
similar to the control, whereas distinctively rounded and attached but not yet spread cells 
were observed on the Ar-Ti surface (magnifications x 2000).
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Figure 3.7: SEM micrographs of MG-63 cells attached on Ti (control), Ca-Ti, K-Ti and Ar-Ti 
discs after 4 h of incubation. Cells adhered on the Ca-Ti surfaces appear flattened with a 
high cell to substrate contact ratio compared with those on Ti (control). Extent of MG-63 cell 
spreading on K-Ti was as good as on Ti, while a higher proportion of rounded cells were 
detected on Ar-Ti (magnification x 491-500, as indicated).
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slightly more spread, showing relatively increased cell to substrate contact 
ratio, than those seeded on the non-implanted Ti (control) discs (Figure 3.7). 
An apparent formation of a monolayer of MG-63 cells extending on this 
surface as early as after 4 h of incubation (Figure 3.7), indicates that the 
presence of Ca ions had an effect on the morphology of these osteoblast-like 
cells. In addition, Figure 3.7 shows a similar anchorage and spreading of 
MG-63 cells on K-Ti discs compared with the cells attached on the control 
non-implanted Ti after 4 h of cell culture. Most interestingly, although some of 
the cells which had adhered to the Ar-Ti discs appeared flattened as shown 
in Figure 3.7, a higher proportion of rounded cells, attached but not yet 
spread, was also observed on this surface. This effect is consistent with the 
morphological analysis of the alveolar bone cells to Ar-Ti surface, as 
described above.
3.3.4 Influence of ion-implantation on bone cell spreading
Semi-quantitative measurement of the extent of cell spreading was 
carried out by digital image analysis of SEM micrographs of cells attached to 
the Ti surfaces following 4 h of incubation. Results presented in Table 3.3, 
indicate that there was a significant increase in the average area of the 
alveolar bone cells incubated on the Ca-Ti surface (approximately 213% 
greater than those on the control discs; p = 0.01). The results in Table 3.3 
also show that the spreading on the K-Ti discs was very similar to that on the 
control surfaces. In contrast, there was a notable reduction in the average 
area of cells incubated on Ar-Ti (by 24%), although this was not significantly 
less than the control value (p = 0.06).
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Table 3.3: Effects of ion-implantation on the spreading 
of alveolar bone cells
Substrate Average cell area 
(pm2)
% of control
Ti (control) 719 ± 15 100
Ca-Ti 1532 ±20 213*
K-Ti 742 ± 30 103
Ar-Ti 548 ±10 76
The averages values (± SEM) of 3 replicate samples repeated 3 times are shown. * Indicates 
statistically significant differences, shown in bold, measured between Ti (control) and Ca-Ti 
surfaces; p = 0.01.
Because spreading included changes in cell shape, the shape factor 
defined as (area/perimeter2) x An was also calculated as a function of Ti 
surface chemistry. Shape factor is an inverse measure of cell spreading, 
such that a perfect circle has a value of 1 and a straight line has a value of 0; 
that is the lower the value of shape factor the more elongated the 
osteoblasts. Measurement of the shape factor of alveolar bone cells, further 
confirmed the significance of Ca ions implanted on the surface of Ti discs. 
Figure 3.8 shows that the cells attached on Ca-Ti had a shape factor of 0.27 
± 0.05, which is indicative of highly spread cells compared with control (p = 
0.02). Similarly, cell spreading on K-Ti seems to be slightly increased 
compared with that on Ti (Figure 3.8) (0.53 ± 0.03 and 0.64 ± 0.02, 
respectively). In contrast, Ar implantation elicited a reduction in cell spreading 
after 4 h of cell culture (shape factor = 0.82 ± 0.03).
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Figure 3.8: The effect of ion-implantation of Ti on the shape factor of alveolar bone cells 
following 4 h of cell culture. Asterisks denote significantly different shape factor values (p = 
0.02) between Ti (control) and Ca-Ti discs. See insert as a guideline of decreasing shape 
factor value for rounded, spread and highly flattened cells from top to bottom.
Table 3.4 shows the effects of implanting Ti discs with Ca, K and Ar 
ions on the spreading of MG-63 cells which were incubated on these 
surfaces for 4 h, as described in section 3.2.5. A significant increase in the 
average area of the cells cultured on Ca-Ti discs was measured by image 
analysis (97% greater than those on control discs; p < 0.05). However, the 
response of these osteosarcoma cells on the K-Ti surface was very similar to 
those on the Ti (control), an average cell area of 672 ± 23 compared with 665 
± 12 was calculated for the K-Ti and Ti (control) discs, respectively (Table 
3.4). As for alveolar bone cells MG-63 cell spreading was also reduced as a 
result of Ar ion implantation of Ti discs. A 21% drop in the average cell area
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compared with the Ti (control) values defined as 100% was measured on this 
surface as presented below in Table 3.4. In order to further evaluate the 
effects of ion-implantation on the cell spreading, shape factor measurements 
of osteosarcoma cells were carried out, as described above.
Table 3.4: Effects of ion-implantation on the spreading of MG-63 cells
Substrate Average cell area 
(pm2)
% of
control
Ti (control) 665 ±12 100
Ca-Ti 1310 ± 19 197*
K-Ti 672 ± 23 101
Ar-Ti 531 ±18 79
Spreading of MG-63 cells was significantly enhanced on Ca-Ti surfaces compared to that on 
the Ti (control) discs, as indicated by an asterisk *; shown in bold, p = 0.01.
Figure 3.9 shows that the results are consistent with the findings for 
alveolar bone cells. A highly significant decrease in the average shape factor 
was calculated for the MG-63 cells incubated on Ca-Ti discs compared with 
those on the Ti (control) (0.20 ± 0.02 and 0.71 ± 0.04, respectively) (p = 
0.01). Moreover, K ion implantation resulted in a 17% increased spreading of 
the cells compared with those in direct contact with the Ti (control) surfaces, 
as shown in Figure 3.9. In contrast, shape factor of the cells on Ar-Ti discs 
was measured as 0.79 ± 0.02, indicating the presence of rounded and not 
very well spread cells on this particular surface (Figure 3.9).
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Figure 3.9: The effect of ion-implantation on the shape factor of MG-63 cells following 4 h of 
cell culture. Asterisks denote significantly different shape factor values (p = 0.01) between Ti 
(control) and Ca-Ti discs at 4 h.
3.3.5 Influence of ion-implantation on bone cell proliferation
The effects of ion-implanted surfaces on cell proliferation were 
determined by measuring the change in cell number for four consecutive 
days, as described in section 3.2.7. Figure 3.10 shows radioisotope counts, 
indicative of [3H] thymidine incorporation into the DNA of proliferating alveolar 
bone cells cultured on the Ti (control), Ca-Ti, K-Ti and Ar-Ti discs, calculated 
after 24, 48, 72 and 96 h of incubation.
The results in Figure 3.10 point out that despite initial delay in cell 
growth seen at 24 h, the change in number of alveolar bone cells was greater 
on Ca-Ti surfaces in comparison with the non-implanted Ti (control) at all 
periods of incubation. Ca ion-implantation of Ti discs seemed to have caused 
a burst of DNA synthesis between 24 and 48 h, as shown in Figure 3.10. This
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was followed by a steady increase in the number of cells measured at later 
time points on this particular surface. In contrast, findings of these 
experiments suggest that the proliferation of alveolar bone cells measured for 
K-Ti and Ar-Ti surfaces was very similar to that for the Ti (control) discs 
(Figure 3.10).
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Figure 3.10: Measurement of the effects of ion-implantation on the proliferation of alveolar 
bone cells by [3H] thymidine incorporation assay. Changes in the number of cells for Ti 
(control), Ca-Ti, K-Ti and Ar-Ti discs were determined at 24, 48, 72 and 96 h of cell culture. 
Values shown are average (± SEM) of 3 replicate experiments.
Figure 3.11 was plotted to show alveolar bone cell proliferation on Ca- 
Ti, K-Ti and Ar-Ti surfaces relative to that measured for the Ti (control) discs. 
Relative changes in cell number were adjusted for differences in the numbers 
of cells which had originally attached to the different surfaces, which was 
measured at 24 h (time 0) after seeding (Figure 3.10), as described in section 
3.2.7. Figure 3.11 indicates that there was a significantly elevated level of
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relative growth of the cells incubated on the Ca-Ti surfaces (p= 0.01). At all 
times measured (48, 72 and 96 h the after initial seeding), this increased 
proliferation was approximately 400% greater than on the Ti (control) discs. 
In contrast, cells incubated on the surfaces of the K-Ti and Ar-Ti discs 
showed no significant difference in cell numbers compared to those on the 
control discs (Figure 3.11).
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Figure 3.11: Growth of alveolar bone cells on the Ca-Ti (■—■), K-Ti (♦---♦ ) and Ar-Ti 
(A...  A)  discs measured at 48, 72 and 96 h after initial seeding. The values shown are 
relative to the growth on the Ti (control) discs, defined as 1.0. Note the significantly 
increased level of bone cell growth on Ca-Ti at all 3 incubation times (p = 0.01).
Figure 3.12 shows the effects of ion-implantation of Ti discs on the 4 
day growth of osteoblast-like cells. The results in Figure 3.12 suggest that the 
change in surface chemistry of Ti discs by Ca ion-implantation resulted in an 
enhanced rate of cell growth in comparison with the non-implanted Ti. Like
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alveolar bone cells, the number of isotope counts obtained at 24 h for MG-63 
cells cultured on Ca-Ti discs were less than those on the control surfaces. 
However, a 3-fold increase was measured from 24 to 48 h of incubation of 
these cells on this particular surface (Figure 3.12). Cell growth was shown to 
be greater for Ca-Ti after 48, 72 and 96 h of cell culture than that measured 
for any other surface. In contrast, K ion-implantation did not affect the 
proliferation MG-63 cells. However Ar-Ti surfaces seemed to have caused a 
reduction in the rate of DNA synthesis at all times measured compared with 
the Ti (control) (Figure 3.12).
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Figure 3.12: Change in the number of MG-63 cells measured by [3H] thymidine 
incorporation assay after 24, 48, 72 and 96 h of cell culture on Ti (control), Ca-Ti, K-Ti and 
Ar-Ti discs. Values shown are average (± SEM) of 3 replicate experiments. Note the higher 
levels of cell proliferation on Ca-Ti surfaces in comparison to the Ti (control) at 48, 72 and 96 
h of incubation.
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To demonstrate the effects of ion-implantation of Ti surfaces on the 
proliferation of MG-63 cells, the values obtained from 3 replicate experiments 
were normalised for the non-implanted control levels. Figure 3.13 shows MG- 
63 cell growth on Ca, K and Ar ion-implanted surfaces relative to that on the 
Ti (control) discs after 48, 72 and 96 h of incubation of discs under 
physiological conditions. After adjustment of changes in cell number for the 
differences measured at 24 h (time 0) (Figure 3.12), a significant increase in 
relative proliferation was observed on Ca-Ti surfaces at all times compared 
with the control levels (p = 0.01). However, no marked increase in the relative 
cell growth was noticed on either K-Ti and/or Ar-Ti discs following 2, 3 or 4 
days of cell culture. This finding is consistent with the effects of ion- 
implantation of Ti on the alveolar bone cells, as shown above.
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Figure 3.13: Proliferation of MG-63 cells on the Ca-Ti (■—■), K-Ti (♦ ---♦) and Ar-Ti (A. . .  A)
surfaces relative to the Ti (control) levels defined as 1.0, measured at 48, 72 and 96 h of cell 
culture. Note the significantly increased level of bone cell growth on Ca-Ti at all 3 incubation 
times (p = 0.01).
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3.4 Discussion
Ti in its commercially pure form is one of the most commonly used 
implant materials in oral and cranio-facial surgery [Okabe and Hero 1995]. 
The quality and intensity of bone cell response to cpTi implants appear to 
depend on the surface characteristics of the material [Boyan et al. 1996; 
Ahmad et al. 1999a; Brett et al. 2004; Degasne et al. 1999; Howlett et al. 
1994; Knabe et al. 2004; Rosa and Beloti 2003; Krupa et al. 2001; Krupa et 
al. 2005]. In the current investigation, the effects of modifying surface 
chemistry of cpTi discs via Ca, K and Ar ion-implantation were assessed on 
the response of human alveolar bone cells and MG-63 osteosarcoma cell 
line. The primary osteoblast cultures clearly comprised a proportion of 
osteoblast precursors, as evident by the finding that they were able to 
actively mineralize and form bone-like nodules in vitro. Bone nodules consist 
of differentiated osteoblasts, extracellular matrix, and associated minerals, 
and their formation characterises a late stage of osteoblast differentiation 
[Beresford et al. 1993]. Several lines of evidence suggest that their presence 
is a good index of osteogenesis in vitro [Beresford et al. 1993; Hughes et al. 
1995; Malaval et al. 1994]. In addition to primary osteoblasts, transformed 
osteoblast-like cells are also often used to determine cell / implant responses 
[Ahmad et al. 1999a; Gronowicz and McCarthy 1996; Martin et al. 1995]. 
Among them, MG-63, used here, is a well-characterised osteoblast-like cell 
line [Boyan et al. 1989]. It exhibits some of the normal osteoblastic behaviour 
in culture, and therefore has been widely employed in previous investigations 
of cellular responses to the Ti surfaces [Martin et al. 1995; Massaro et al. 
2001; Boyan et al. 1998; Martin et al. 1996]. Findings of the experiments
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presented in this chapter suggest that the influences of ion-implanted Ti 
surfaces were largely consistent for both human alveolar bone cells and MG- 
63 osteosarcoma cell line.
3.4.1 Effects of ion-implantation on cell attachment and spreading
Results of the current study showed that both human alveolar bone 
and MG-63 cells readily attached to the Ti (control) and also to the K and Ar- 
implanted Ti surfaces. Ca implantation, however, markedly decreased their 
attachment following 4 h of incubation. It was initially speculated that the 
bombardment of high-energy Ca, K and Ar ions into Ti may give rise to 
altered surface topography by creating micro-or nano-scale pores or pits, as 
suggested by a previous study [Zinger et al. 2004]. The findings of the 
Biomaterials group of UCL EDI (Appendix A), however, suggested that the 
topographical roughness of the Ti surfaces were not significantly altered by 
the implantation conditions used in this work. Since Ti surfaces implanted 
with 40Ar+ and 39K+ ions have similar damage levels but different surface 
chemistry than 40Ca+, therefore the reduced cell attachment observed on Ca- 
Ti surfaces at 4 h is unlikely to be due to the implantation process, and might 
have been induced by Ca ions specifically. Previous research has 
established that the surface characteristics of the implant materials, such as 
topography, chemistry or surface energy dictate the profile, conformation and 
the structural rearrangement of the molecules adsorbed on these 
biomaterials [Anselme2000; Boyan et al. 1996; Schwartz et al. 1997], which 
in turn may influence the initial cell adhesion to the implants [Juliano et al. 
1993]. For example, a previous study showed that an alteration of Ti surface
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chemistry/microcrystallinity directly influenced the adhesion of human bone 
derived cells possibly via changing the conformation and ability of the ECM 
proteins adsorbed on the material surface [Zreiqat and Howlett 1999]. 
Another study illustrated that the attachment of human bone-derived cells 
during the first 90 min of cell culture were a function of adsorption of the 
serum protein “vitronectin” onto the surface of Ti [Howlett et al. 1994]. In view 
of these results it appears that the implantation of Ti surfaces with Ca ions 
might have adversely affected the adsorption of ECM proteins on the Ti 
discs, which in turn possibly caused a reduction in the initial cell attachment.
In the current work, the morphological appearance and spreading of 
the attached alveolar bone and MG-63 cells was also found to be related to 
the type of ion implanted on the surface of Ti discs. Despite a significant 
reduction in the initial attachment of osteoblasts to the Ca ion-implanted 
surface, cells that attached to the Ca-Ti discs were found to be more 
flattened and had a network of fibrillar extensions, and thus might have 
retained a high degree of functional integrity than those on the Ti (control) 
[Leitao and Barbosa 1998]. While K-Ti surfaces caused no apparent change 
in the cell morphology, relative cell area and the shape factor, implantation of 
Ar ions resulted in a notably lower extent of cell spreading, with an enhanced 
proportion of the attached cells remaining rounded on the surface compared 
with the control, consistent with the previous reports of altered HeLa cell 
attachment to Ar-implanted polystyrene surfaces [Suzuki et al. 1994].
The apparently less than optimal spreading on the Ar-implanted 
surface is of particular interest in view of the inert nature of these implanted 
ions. Although the precise reason for these effects is not known, it is likely to
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be related to the ion implantation process itself and the consequent 
modification of the Ti surface. It is possible that the presence of this inert 
element does not promo the adsorption of one or more species required for 
the cells to become well spread. A second possibility is that the cellular 
response is governed in this case by the disruption occurring to the surface 
during the ion implantation process itself. Since the radiation damage was 
expected to be similar for all the surfaces, similar effects might be expected 
for the three implanted surfaces. These were not observed. Their surface 
chemistries are differentially affected, i.e. the amount of Ar present at the 
immediate surface following implantation is very much less than the amount 
of Ca, possibly because the inert Ar is not trapped in the near surface region 
during implantation (Appendix A).
It is possible that the effect of surface damage may be outweighed by 
the presence of the “active” ions, such as in the K-Ti and Ca-Ti surfaces. 
Surface characterisation of the recently produced K-Ti samples by the 
Biomaterials group of UCL EDI reveal that despite high levels of K at the 
surface, K-concentrations further into the bulk of the Ti were not comparable 
to Ca concentrations in the Ca-Ti samples (Appendix A). Although these 
samples were prepared subsequently to those used in the current study, it is 
probable, that the earlier samples also contained much lower K levels in the 
bulk than expected, despite containing the expected levels of K at the 
surface. Following implantation and removal into the atmosphere, implanted 
K may be lost through reaction with oxygen at the same time as the Ti 
surface is oxidised, which might explain the reason for the similarities in bone 
cell response to K-Ti and the bare Ti (control) discs.
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In agreement with the current study, Krupa et al demonstrated an 
excellent spreading of human osteoblasts in response to modification of Ti 
surfaces with calcium ions implanted at a dose of 1 x 10 17 ions cm'2 [Krupa 
et al. 2001]. These authors also demonstrated that Ca-implanted Ti surfaces 
augment the formation of hydroxyapatite-like calcium phosphate on exposure 
to simulated body fluids [Krupa et al. 2001]. The Ca-Ti surfaces used in the 
current study have also shown some evidence of more rapid formation of 
calcium phosphates in simulated biofluids than the other types of the 
surfaces (Appendix A). Since the appearance of calcium phosphate 
precipitates on surfaces is indicative of an improved ‘biocompatibility’ [Maitz 
et al. 2002; Zinger et al. 2004], the formation of a calcium phosphate layer 
may explain the enhanced bone cell spreading shown here and previously on 
the Ca-implanted Ti [Krupa et al. 2001].
3.4.2 Influence of ion-implanted Ti surfaces on cell growth
One of the main regulators of proliferative rate in anchorage 
dependent cells is shape. Cells in a rounded configuration divide at a lower 
rate than those flattened and well spread on a substratum [Archer et al. 1982; 
Folkman and Moscona 1978]. Consequently, cells which attach to materials 
but spread little will show lower proliferative rates than those materials which 
allow greater spreading. The present finding of an extensive network of 
cellular processes mediating the spreading of bone cells to the Ca-implanted 
Ti, suggests that this substrate provided a highly favourable surface for 
biological responses, as indicated by the subsequent growth of the cells. This 
was evident from the current experiments as a highly significant increase in
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cell numbers following prolonged incubation on the Ca-Ti discs, relative to 
the Ti (control) surfaces was measured. In contrast, no increase in relative 
cell growth was observed on the K-Ti or Ar-Ti discs determined at 48, 72 and 
96 h after seeding. Since proliferation and cell cycle of bone cells are known 
to be tightly correlated, this Ca-induced increase in cell growth could be due 
to stimulation of the cell cycle progression, possibly by accelerating the 
emergence of the post-trypsinised cells from the G0/G1 phase and their re­
entry into the cycle, in contrast to Ti alone [Ryhanen et al. 2003].
The precise mechanisms governing this behaviour remain unknown. 
During implantation, the transfer of energy to the atoms and ions in the 
Ti/oxide lattice causes their displacement and / or sputtering out of the 
surface (Chapter 2). One possibility is that the nature of the implanted ion 
significantly affects the re-growth of the oxide layer. It is notable that only the 
Ca-Ti discs were observed to undergo a reflective colour change following 
immersion in the culture medium. Such a colour change may be due to a light 
interference phenomenon, which occurs when a surface layer of appropriate 
thickness is formed on the reflective Ti. Findings of the Biomaterials group 
also confirmed thickening of the oxide layer only on the Ca-Ti surfaces upon 
immersion in solution (Appendix A). In agreement, Ikeyama et al 
demonstrated that the surface oxide layer formed on Ca implanted Ti was 
thicker than the oxide on non-implanted control surfaces [Ikeyama et al.
2000]. Since only Ca-Ti discs and not those implanted with K and Ar, which 
are of the same atomic mass but differ electrochemically, affected bone cell 
response, it is possible that, the surface electric charge [Ikeyama et al. 2000],
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the surface adsorbed protein layer [Zreiqat and Howlett 1999], as well as the
thickened oxide layer (Appendix A) may all have contributed to these effects.
3.5 Conclusions
• Both qualitative and quantitative analyses indicate that the ion 
implantation of Ti surfaces has a profound effect on the response of bone 
cells in vitro.
• This influence, although consistent for both the primary and the 
osteosarcoma cells, was dependent on the nature of the implanted ion.
• Bone cell response to the K-Ti surfaces was very similar to the Ti 
(control). In contrast, the chemically inert Ar ions implanted on the surface 
of Ti caused an apparent reduction in cell spreading and cell growth.
• Despite reduced cell adhesion at 4 h, Ca-Ti surfaces elicited a significant 
increase in the spreading and subsequent growth of bone cells compared 
with the control.
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Chapter 4
Effects of Different Levels of Calcium 
Ions on Bone Cell Adhesion
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4.0 Introduction
Previous findings of the current study indicated that despite 
significantly enhanced morphology and growth, the initial attachment of 
human bone cells to Ca-Ti discs implanted with 1 x 10 17 ions cm'2 was not as 
good as on the non-implanted Ti (control) (Chapter 3). Since cell adhesion 
mechanisms are likely to influence signal transduction and regulation of gene 
expression, this Ca-induced decrease in bone cell binding could adversely 
affect host responses to the Ti implants [Anselme2000]. Previous studies 
have emphasised the importance of dose dependency of biomaterials on the 
cellular response [Franks et al. 2002; Jones et al. 2001; Xynos et al. 2000; 
Maroothynaden and Hench 2001]. For example, it was shown that the 
calcification of mouse embryonic long bones was dependent on the 
concentrations of ions which were leaching out from the soluble bioactive 
glasses [Maroothynaden and Hench 2001]. The second part of the current 
investigation was; therefore, undertaken to determine the effects of Ti 
surfaces implanted with different concentrations of the biologically important 
Ca ions [Lodish et al. 1996; Anghileri2000] on a number of aspects of bone 
cell adhesion at the cellular as well as at the molecular level.
Results presented in Chapter 3 established that the responses to the 
ion-implanted Ti surface were largely consistent for both types of osteoblastic 
cells. In order to avoid the inevitable variations of primary bone cells obtained 
from different cell sources and of different passages, and also due to the 
limited availability of ion-implanted Ti discs, only MG-63 cells, which 
consistently and reproducibly exhibit the osteoblastic phenotype [Clover and 
Gowen 1994] (Chapter 2), were used for the remainder of this project.
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A previous study reported that osteosarcoma-derived human 
osteoblasts responded to even minor variations in the chemical composition 
and topography of cpTi surfaces. They demonstrated that the adhesion of 
such cells was time-dependent, as the rate of cell attachment to grade 1 and 
grade 4 cpTi significantly differed between 4 and 24 h of cell culture [Ahmad 
et al. 1999a]. Therefore, for the current study the initial attachment of MG-63 
cells to control and Ca-Ti discs was examined following 4 and 24 h of 
incubation under physiological conditions. Moreover, the effects of Ti 
surfaces implanted with different doses of Ca ions on the spreading and 
morphological characteristics of MG-63 cells were also assessed.
Further, to understand cell-material interactions at a molecular level, 
the expression of integrins, which are involved in mediating cell-substrate 
adhesion [Sinha and Tuan 1996; Hynes2002], and the formation of vinculin- 
positive adhesion plaques, which is one method of characterising the 
physical association of cells with Ti surfaces [Okumara et al. 2001], were also 
examined. In addition, since tissue culture conditions have previously been 
shown to influence cell responses to biomaterials [Ferraz et al. 2000], the 
effects of pre-immersion of the Ca-implanted Ti in cell culture medium on cell 
attachment were also measured and correlated with specific chemical 
changes at the Ti surfaces. The following section gives a brief overview of 
these biological parameters and also discusses their importance in screening 
biocompatibility of the implant materials.
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4.1 Background
4.1.1 Cell adhesion
Cell adhesion is a fundamental process involved in embryogenesis, 
maintenance of tissue integrity, wound healing, immune response, cancer 
metastasis and also tissue integration of the implants. A complete 
understanding of osteoblastic cell adhesion is essential in order to optimise 
events occurring at the bone/biomaterial interface. Cell adhesion comprises a 
sequence of events which includes initial cell attachment, cell spreading, 
organization of an actin cytoskeleton and formation of focal adhesions 
[Anselme2000; LeBaron and Athanasiou 2000]. It is a critical first step 
involving the interaction of numerous proteins such as ECM proteins 
(fibronectin, vitronectin, collagen, laminin) [Gronowicz and McCarthy 1996; 
Howlett et al. 1994], cytoskeletal proteins (actin, talin, vinculin) [Puleo and 
Bizios 1992b; Puleo and Nanci 1999] and membrane receptors (integrins) 
[Hynes1987; Aplin et al. 1999; Hynes2002]. Binding of these proteins to their 
specific receptors induces signal transduction, gene expression and protein 
synthesis which directly influences cell growth, cell migration and cell 
differentiation [Hynes1987; Kornberg and Juliano 1992; Kornberg et al. 1991; 
Krause et al. 2000; LeBaron and Athanasiou 2000; Hynes2002].
The control and consequences of cell adhesion are of major 
importance in the context of orthopaedic and/or dental implants as these 
factors dictate their clinical performance and longevity [Puleo and Nanci
1999]. Previous in vitro evaluations established that the physicochemical 
characteristics of Ti surfaces have a substantial influence on the adhesion of 
MG-63 cell, which are also used in the experiments described in this chapter
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[Kim et al. 2004; Lange et al. 2002a; Lincks et al. 1998; Zinger et al. 2004]. 
For example, Lincks et al examined the effect of chemical composition and 
surface roughness of Ti on the attachment of MG-63 cells. Smooth and rough 
cpTi (grade 2) and Ti-6AI-4V alloy discs were prepared by either 
machining/fine-polishing or grinding, respectively, and the number of cells 
adhering to these discs was measured. Compared to control (standard tissue 
culture plastic), MG-63 cell adhesion was reduced on the smooth cpTi 
surfaces, while it was equivalent on the Ti-6AI-4V surfaces. However, 
roughened cpTi surfaces increased the initial cell attachment compared with 
the smooth cpTi discs [Lincks et al. 1998]. Zinger et al investigated the 
effects of specific micro-architectural features of Ti surfaces in modulating the 
osteoblast behavior. On electrochemically micro-structured surfaces with 
hemispherical cavities of 30 or 100 pm in diameter, the MG63 cells were able 
to go inside, adhere and spread, whereas they did not recognize the 10 pm 
diameter cavities, covering them up as if they did not exist [Zinger et al. 
2004].
In another recent study, it was demonstrated that the anodized Ti 
surfaces significantly enhanced the adhesion of human osteoblast-like MG- 
63 cells [Kim et al. 2004]. These authors carried out anodic oxidation of the Ti 
which resulted in the formation of rough, thick and porous crystalline oxide 
layer with an average pore size of 0.79 ± 0.27 pm. MG-63 cells on these 
surfaces were shown to have attached and spread better, typically containing 
filopodia and lamillopodia-like extensions, compared to the control machined 
surface [Kim et al. 2004]. Furthermore, Lang et al analysed the effects of 
machined, glass particle-blasted, corundum-blasted and vacuum plasma-
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sprayed Ti surfaces on the adhesion of MG-63 cells. Although the 
components of cell adhesion were influenced by the surface roughness of Ti 
discs, no straight correlation was established with the degree of roughness. 
An increased spreading of MG-63 cells was seen on surfaces with low 
roughness. In contrast, integrin expression was enhanced on roughened Ti 
surfaces compared with the polished material. Furthermore, the organization 
of the actin cytoskeleton and fibronectin (FN) was impaired on extremely 
rough i.e. corundum-blasted and vaccum plasma-sprayed Ti surfaces [Lange 
et al. 2002].
4.1.2 Integrins
Adhesion of osteoblasts on implant materials has also been 
considered in relation to the expression of cell adhesion proteins [Castoldi et 
al. 1997; Schneider and Burridge 1994; Sinha et al. 1991; Gronowicz and 
McCarthy 1996]. Upon adhesion cells require signals from the ECM, and 
these signals are transduced by transmembrane receptor proteins called 
“integrins” [Puleo and Nanci 1999]. Integrins are a large family of 
heterodimeric glycoproteins connected to the cytoskeleton of the cells. Each 
integrin is composed of a and p subunits, non-covalently bonded, forming the 
large globular extracellular head region which binds to the ligands. Most 
integrins have more than one adhesive ligand, and more than one integrin 
can bind to the same ligand at the same time. At present, eighteen a and 
eight p subunits have been identified which are known to assemble into 24 
different receptors. Changes in either a or p subunit of integrins alter their
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specificity for ligands and thus affect their function [Juliano and Haskill 1993; 
Hynes1987; Akiyama1996].
Integrins mediate interactions between the cells and also amid 
cytoskeleton and the ECM via a complex spectrum of ligands which are 
present on the surface of cells and on the ECM proteins [Hynes1987]. ECM 
proteins contain the amino acid sequence, Arg-Gly-Asp (RGD), which is 
recognised by integrins as their cell binding sites. In addition to connecting 
cells with ECM molecules, integrins play a major role in transmembrane 
signalling involving molecules such as mitogen-activated protein kinase, focal 
adhesion kinase (FAK) and integrin-linked kinase. Integrin-mediated 
adhesion of cells to the substrates triggers the intracellular signalling 
pathways by enhanced tyrosine phosphorylation of these proteins [LeBaron 
and Athanasiou 2000]
Several integrin subunits (e.g., (31, a5, a6, av) have been identified in 
bone cells and in osteosarcoma cell lines [Chiang et al. 1995; de Ruijter et al.
2001]. Osteoblastic cells mainly use integrins for initial attachment to various 
substrates in vitro [Gronowicz and McCarthy 1996]. Integrin expression in 
osteoblastic cells from various sources has been characterised on different 
orthopaedically relevant surfaces, with adhesion to the surfaces concluded to 
be either primarily dependent on or not mediated through integrins, 
depending on the study and the cell source [Gronowicz and McCarthy 1996; 
Castoldi et al. 1997; Schneider and Burridge 1994; Sinha et al. 1991]. 
Gronowicz and McCarthy showed that when osteoblast-like Saos-2 cells 
attach to the Ti surface, various integrin subunits (predominantly (31) appear 
on the cell surface [Gronowicz and McCarthy 1996]. Another study
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emphasised the importance of the (31 integrin subunit in cell adhesion to Ti 
surfaces. They demonstrated a decreased adhesion and spreading of Saos-2 
cells cultured on the Ti discs as a result of the addition of anti (31 monoclonal 
antibody in the culture medium [Degasne et al. 1999]. Therefore, for the 
current study the effects of different levels of Ca ion-implantation of Ti were 
tested on the expression of pi integrin subunit by MG-63 cells.
4.1.3 a5/31 integrin
Cells that are attachment dependent interact with the substrate 
through a number of mechanisms including specific binding of integrins to 
components of ECM, as well as to proteins adsorbed on the material surface 
[Puleo and Nanci 1999]. One of the integrins that mediate bone function and 
binding of osteoblasts to proteins containing the RGD motif is a5p1 
[Schaffner and Dard 2003]. This integrin was identified as a receptor for FN, 
an ECM protein which functions as a link between the substratum and the 
cytoskeleton of many types of cells [Hynes1987].
It is known that ECM molecules, as deposited on a substrate surface, 
have striking effects on the behaviour of the cell. The binding of a5p1 integrin 
with FN adsorbed onto the surface of Ti indirectly modulates cell adhesion by 
initiating a signalling cascade across the membrane resulting in gene 
expression and protein synthesis [Puleo and Nanci 1999]. Degasne et al 
showed that the presence of FN was critical for adhesion, spreading and 
proliferation of cells on Ti surfaces [Degasne et al. 1999]. Another study 
showed reduced fibroblast attachment with a concomitant decrease in the 
adsorption of FN on cpTi surfaces compared with that on the tissue culture
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plastic [Derhami et al. 2000]. The surface characteristics of Ti were also 
shown to affect the expression of integrin receptors specific for FN [Hormia 
and Kononen 1994]. Furthermore, Zreiquat et al proposed that cell adhesion 
to biomaterial surfaces is probably mediated by a5p1 and p1 integrins 
[Zreiqat et al. 2002]. Therefore, for the current study, in addition to p1 integrin 
subunit, the effects of Ca ion-implantation of Ti were also assessed on the 
expression of a5pi, a receptor for FN.
4.1.4 Focal adhesions
Focal adhesions are highly specialised distinct entities of the cell that 
link molecules of the ECM to components of the cell’s actin cytoskeleton. 
These most frequently observed cell-substrate interactions of the adherent 
cells are approximately 0.1-2 pm wide and 2-10 pm in length, characterised 
by a spacing of 10-15 nm between the cell membrane and the substrate 
[Puleo and Nanci 1999]. Focal adhesions have been shown to appear at the 
cell periphery within 20 minutes of the cell interacting with the surface [Sinha 
et al. 1994].
Membrane proteins such as vinculin, talin, paxillin, a-actinin and FAK 
constitute focal adhesions. These focal adhesion proteins mediate 
transmembrane signalling via interaction with integrins [LeBaron and 
Athanasiou 2000]. They also play a role in the organization of the actin 
cytoskeleton by directing the positioning of the actin filaments, which are 
responsible for contractile mechanisms of the cells, and thus control the 
cytoskeleton, cell shape and behaviour of the cell [Baxter et al. 2002].
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4.1.5 Vinculin
Vinculin, a ubiquitous protein with a molecular weight of 130 kDa 
[Anselme2000], has been frequently used as a immunofluorescent marker for 
assessing the formation of focal adhesions by osteobalstic cells on opaque Ti 
surfaces [Okumara et al. 2001; Sinha et al. 1994; Ahmad et al. 1999a]. 
Furthermore, due to its presence on the focal adhesion sites as early as 3 h 
of cell attachment [Baxter et al 2002], it is a suitable focal adhesion protein to 
assess the effects of ion-implantation on the initial stages of cell adhesion. 
Vinculin is one of the connecting molecules in the hierarchy of integrin- 
mediated cytoskeletal molecules. It is known to play an important role in 
transmitting signals from integrins on the cell surface to cytoskeletal actin 
filaments [Anselme2000; Juliano and Haskill 1993; Miyamoto et al. 1995].
Vinculin has been shown to be expressed by the cells which were 
cultured on Ti surfaces [Ahmad et al. 1999a; Kooten et al. 1997; Linez- 
Bataillon et al. 2002; Shah et al. 1999a; Zinger et al. 2004]. Kooten et al 
seeded human umbilical vein endothelial cells (HUVEC) directly on the Ti 
surfaces and determined the expression of vinculin by these cells. They 
showed that HUVEC cells which had adhered to Ti were able to form focal 
adhesions [Kooten et al. 1997]. In another study, a comparative analysis of 
primary human osteoblastic cell adhesion and spreading on Ti-6AI-4V and 
cobalt-chrome-molybdenum (CC) was carried out [Shah et al. 1999a]. Using 
confocal laser scanning microscopy, Shah et al observed that, during the first 
12 h of contact with the substratum, focal adhesion contacts, as indicated by 
vinculin immunostaining, were distributed throughout the cells adhering to Ti, 
but were relatively sparse and localized to cellular processes on CC.
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Vinculin-positive adhesion plaques were identified at all membrane-to- 
surface contact points on both Ti and CC, however on Ti, these contact 
points closely followed the surface contour, while on CC, they were restricted 
to relative topographic peaks only [Shah et al. 1999a].
Linez-Bataillon et al investigated the role of the surface roughness of 
Ti6AI4V on the expression of cell adhesion proteins such as actin, FN, 
collagen I and vinculin: Five different surface preparations were used i.e. 
sandblasted, 80, 1200, and 4000 grade polished and mirror polished. Their 
results indicated that after 3 days of MC3T3-E1 mouse osteoblast culture on 
Ti surfaces, the expression of adhesion proteins varied with respect to the 
surface roughness [Linez-Bataillon et al. 2002]. Zinger et al also used MG63 
cells to assess the role of micrometer and submicrometer roughness of the Ti 
surfaces on the early phase of cell-Ti interactions. Using double 
immunofluorescent labeling of vinculin and actin, they found that the MG-63 
cells responded to nanoscale roughness by a higher cell thickness and a 
delayed appearance of the focal contacts [Zinger et al. 2004].
4.1.6 Influence of pre-immersion of titanium discs on surface
chemistry and cell adhesion
Ti, a leading implant material does not encourage calcium phosphate 
precipitation on its surface. To improve its biocompatibility, HA, a crystalline 
form of calcium phosphate is frequently coated on the surface using plasma 
spray techniques. However, there are certain disadvantages of this method 
such as formation of thick unstable layer with internal fractures causing poor
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adherence of coating to the substrate and problems with the integrity of HA 
structure and composition [Ratner et al. 2004] (Chapter 1).
An alternative technique of encouraging calcium phosphate deposition 
is the pre-immersion of ion-implanted Ti surfaces in physiological fluids 
[Pham et al. 2000a]. Modification of Ti surfaces by ion-implantation, where 
ions are implanted below the surface, has been previously reported to 
augment the formation of HA-like calcium phosphate on exposure to SBF 
[Maitz et al. 2002a; Pham et al. 2000a]. Previous studies of calcium 
phosphate formation on ion-implanted Ti have generally utilised primarily 
SBF of the Kokubo type (i.e. containing mainly inorganic components) 
[Kokubo et al. 1990]. It has been reported by Maitz et al that Ti surfaces 
modified in a controlled way by Na ion-implantation induced calcium 
phosphate precipitation following pre-immersion in SBF prior to cell culture. 
Such surfaces were shown to enhance bone cell growth, compared with the 
non-treated Na-implanted Ti surfaces, in vitro [Maitz et al. 2002a]. Similarly, 
Na ion-implantation with subsequent thermal treatment of the Ti surfaces has 
also been observed to promote HA nucleation and growth in SBF [Pham et 
al. 2000a].
Hanawa et al implanted Ca ions on the surface of cpTi and found that 
this modification of surface chemistry resulted in an accelerated precipitation 
of calcium phosphate [Hanawa et al. 1998]. Krupa et al and Pham et al also 
reported similar effects for Ca-implanted Ti surfaces [Pham et al. 2000b; 
Krupa et al. 2001a], Pham et al demonstrated that upon exposure of cpTi 
discs to SBF the precipitation of HA was enhanced with increasing 
concentration of Ca ions implanted on the surface [Pham et al. 2000b]. Other
97
studies carried out double implantation of Ca and P ions into Ti and found 
enhanced nucleation and growth of HA in SBF on ion-implanted surfaces 
relative to that on the control cpTi [Wieser et al. 1999; Krupa et al. 2005] 
(Chapter 1).
A previous in vitro study demonstrated that the pre-immersion of 
biomaterials in the tissue culture medium apparently improved the response 
of human osteosarcoma cells [Ferraz et al. 2000]. These authors examined 
the influence of pre-immersed HA and P205-based bioactive glasses on the 
growth and function of MG-63 cells using the MTT assay and FCM analysis, 
respectively. Their results showed that the increase in numbers of viable cells 
was the same or elevated following incubation on the pre-immersed HA and 
glass-reinforced HA coatings compared with the non-immersed materials. In 
addition, the expression of bone sialoprotein (BSP) and FN, two key 
connective tissue antigens, was up-regulated in cultures grown on the pre- 
immersed surfaces compared with the non-treated materials [Ferraz et al.
2000]. For these reasons, the current study measured the effects of pre- 
immersion of the Ca-implanted Ti discs in tissue culture medium on MG-63 
cell attachment and correlated them with the specific chemical changes 
occurring at the Ti surfaces.
4.2 Materials and methods 
4.2.1. Preparation of titanium discs
CpTi discs (grade 1 , 8 x 1  mm) (Goodfellow Cambridge, UK) were 
polished, as described in Chapter 2. Ion-implantation was carried out using 
high, medium and low doses of 40Ca+ ions i.e. 1 x 1017, 1 x 1016 and 1 x 1015
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ions cm'2, respectively. Following implantation, the samples were removed 
from the mounting plates using acetone and washed in deionised water. Both 
the Ti (control) and Ca-implanted Ti discs were sterilized by UV light prior to 
cell culture and stored at RT in a desiccator.
4.2.2 Cell culture
MG-63 cells were cultured in DMEM supplemented with 10% FCS, 
100 IU ml'1 penicillin, 100 pg ml'1 streptomycin and 2 mM L-glutamine 
(GIBCO Invitrogen). In order to measure bone cell responses, a suspension 
of the cells was seeded onto the surfaces of the Ca-implanted and non­
implanted Ti (control) discs which had previously been placed in 24 well 
tissue culture plates (Becton-Dickinson). Three replicate discs per sample 
were used and each experiment was repeated 3 times.
4.2.3 Adhesion of radioactively-labelled cells
In order to quantitatively measure cell adhesion, actively dividing MG- 
63 cells were first tagged by radiolabeling for 18 h with 1 pCi ml'1 of [3H] 
thymidine (44 Ci mmol'1) (Amersham Biosciences). One sample was used to 
count the number of cells and a replicate sample was used to measure the 
amount of isotope incorporated into the DNA. The radiolabeled cells were 
harvested, washed and seeded in triplicate onto the discs at a density of 1x 
103 cells in 0.05 ml of DMEM. These were incubated for 4 and 24 h at 37°C, 
the later time point selected to examine whether Ca levels also affected cell 
attachment following prolonged incubation. The discs were then processed, 
as described in detail in Chapter 3 (section 3.2.4), and the radioactivity which
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had remained associated with them was measured by using WALLAC 1409 
Liquid Scintillation Counter (Perkin Elmer).
To determine the effect of pre-immersion on cell adhesion, the control 
and Ca-Ti discs were first incubated without cells in DMEM at 37°C for 4 and 
24 h prior to cell culture. The cell binding assay was then carried out for 4 h, 
as described above.
4.2.4 Scanning electron microscopy
SEM was carried out in order to determine whether differences in the 
concentration of Ca ions implanted on the surface of Ti would affect the 
morphology and spreading of MG-63 cells. Cells were seeded (1 x 103 
cells/disc) on the Ti (control), Ca (med)-Ti and Ca (high)-Ti surfaces and 
incubated at 37°C in a humidified atmosphere of 5% CO2 in air for 4 h. The 
discs were then removed, transferred to fresh dishes, washed and then 
processed for SEM visualisation, as described in detail in Chapter 3. SEM 
micrographs were captured digitally for the detailed morphological analysis of 
the adhered bone cells.
4.2.5 Digital image analysis
For semi-quantitative analysis of cell binding and cell spreading on the 
different Ti surfaces digital image analysis was carried out as described 
previously (Chapter 3). Briefly, the number of attached cells, average cell 
area, and cell perimeter were measured on five representative fields of the 
SEM micrographs of the cells incubated for 4 h on Ti (control), Ca (high)-Ti, 
Ca (med)-Ti and Ca (low)-Ti discs, using Image-Pro Plus 4.01 analysis 
software (Media Cybernetics).
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4.2.6 Flow cytometry
In the present experiments, FCM was used to determine whether the 
presence of different levels of Ca ions at the surface of Ti discs influences 
the light scattering properties of the cells and the expression of integrins 
(Chapter 2). In each experiment, FSC and SSC data dot plots were obtained 
using a FACScan Flow Cytometer (Becton-Dickinson) equipped with an 
argon ion laser (488 nm). The threshold was set on FSC parameter during 
data acquisition. Cell aggregates and doublets were excluded during data 
analysis. The green fluorescence signals generated by each cell, as a result 
of positive immunostaining, were also collected and analyzed, as described 
below.
4.2.7 Analysis of integrin expression
To determine whether the modification of Ti discs by implanting 
different doses of Ca ions affected the expression of integrins, the cells were 
cultured on the control and Ca-implanted discs (high and low) for 4 and 24 h 
and immunostained for the integrins p1 sub-unit, which identifies all p i- 
containing integrins, and for the specific a5p1 integrin, a high affinity 
fibronectin receptor involved in initiating bone cell attachment to the substrate 
[Hynes'! 987].
The MG-63 cells were cultured at a uniform density (1 x 104 cells / 
disc) for 4 and 24 h, after which the discs were washed with PBS and the 
cells detached using 20 mM EDTA (GIBCO Invitrogen) instead of trypsin to 
avoid proteolytic destruction of the cell surface integrins. After washing with 
PBS, the cells were fixed with 1% paraformaldehyde (PFA) in PBS for 30 min
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at RT. They were then washed, centrifuged and resuspended in wash buffer 
(PBS supplemented with 2% FCS and 0.05% sodium azide) and incubated 
for 60 min at RT with fluorescein isothiocyanate (FITC)-conjugated mouse 
anti-human integrin (31 monoclonal antibody (mAb) (1:200 dilution) (Caltag 
Laboratories, Burlingame, CA, USA). A replicate aliquot of cells was reacted 
with anti-human a5(31 mAb (1:100 dilution) (Dako, High Wycombe, UK) and 
then, after washing, with FITC-labeled rabbit anti-mouse IgG (Dako) diluted 
1:50 in wash buffer for 30 min at RT. Non-specific mouse serum (5% in wash 
buffer) (Dako) was used as a negative control for a5(31.
After immunostaining, the cells were centrifuged, washed and 
suspended in 500 pi of wash buffer and the fluorescence intensities of 5,000 
individual cells were measured by FCM using the FACScan, as described 
above. Net expression levels were adjusted for each antigen by subtracting 
data from the negative control (i.e., cells treated with non specific 
immunoglobulin (Ig) instead of the primary antibody). The data were 
analyzed using WinMDI software (version 2.8) 
(http://facs.scripps.edu/software.html) and the level of antigen expression is 
shown as the average fluorescence intensity (AFI) of 5000 individual cells.
4.2.8 Confocal laser scanning microscopy of vinculin adhesion
plaques
Immunofluorescence microscopy of the cell adhesion protein vinculin 
was carried out to determine the influence of Ca (high)-Ti on the formation of 
focal adhesion plaques. MG-63 cells (1 x 103 cells/disc) were incubated on 
the discs for 4 and 24 h. The cells which had remained attached to the discs 
were fixed with absolute methanol for 10 min at 4°C and the non-adherent
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cells were removed by washing twice with PBS. Non-specific Ig binding sites 
were blocked with 5% normal mouse serum in PBS for 1 h at RT and the 
cells then incubated with a 1:40 dilution of mouse anti-human vinculin mAb 
(Sigma-Aldrich) for 1 h at RT. After washing with PBS the cells were 
incubated for 1 h at RT with goat anti-mouse IgG conjugated to the 
fluorochrome Cy3 (Serotec Ltd., Kidlington, Oxford, UK), which emits a red 
fluorescent signal. Control cultures were treated with normal mouse serum 
instead of the primary mAb. The Ti discs were mounted on glass slides using 
clear nail varnish as an adhesive and covered with coverslips using Citifluor 
medium (Agar Scientific, Stansted, UK).
The samples were examined with a BioRad MRC-600 CLSM (BioRad 
Microscience), equipped with an argon ion laser source. Depth projection 
micrographs were obtained from 15-30 serial horizontal image sections using 
a z-step of 0.01 pm and a x 60 oil objective. Image analysis was carried out 
using Image-Pro Plus 4.01 analysis software (Media Cybernetics) to measure 
the number of triangle-shaped vinculin-positive focal adhesion plaques on 30 
randomly selected cells per sample.
4.2.9 Effects of pre-immersion on the titanium/cell interface
EDS was carried out to examine whether Ca implantation affects the 
surface chemical composition of Ti surfaces under tissue culture conditions. 
The Ti (control) and Ca (high)-Ti discs were first pre-immersed in DMEM at 
37°C for 4 and 24 h, then washed with PBS and the MG-63 cells (1 x 103 
cells/disc) seeded for 4 h, as described above (one set of both types of pre- 
immersed Ti discs was prepared without the cells as a control). After washing 
with PBS, the cells were fixed with 3% glutaraldehyde in 0.1 M cacodylic acid
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buffer, as described above. They were then mounted on metal stubs, air- 
dried for 1 h at RT and stored in a desiccator prior to analysis. EDS 
microanalysis was carried out using the INCA system (Oxford Instruments, 
High Wycombe, UK) attached to a SEM (1450 VP) (Leo) set at a beam 
current of 500 pA and an acceleration voltage of 10 kV. Spectra were 
recorded from specific points on the SEM images of Ti surfaces. EDS 
spectral intensities were normalised to the Ti peak maximum.
4.2.10 Statistical Analysis
Experiments were conducted three times using three replicate 
samples each and SEM was calculated for each set of experiments. 
Significant differences in MG-63 bone cell responses were established using 
the Student’s t test for paired samples, with significance levels of p <0.05.
4.3 Results
4.3.1 Effects of different levels of calcium on bone cell adhesion
Figure 4.1 shows quantitative measurement of the adhesion of pre­
labelled MG-63 cells to the Ti surfaces implanted with different doses of Ca 
ions. The results of 3 replicate experiments indicate that cell adhesion to the 
Ca (high)-Ti discs was significantly reduced (by 43%; p = 0.02) at 4 h 
compared with the control Ti (Figure 4.1). While no significant differences 
were found for MG-63 cell attachment to the Ca (med)-Ti and Ca (low)-Ti 
discs, which were 85 and 105% of the control levels, respectively.
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Figure 4.1: MG-63 cell adhesion to Ti discs implanted with high, medium and low levels of 
Ca. The bars show the average adhesion of the cells on the Ca-implanted surface * relative 
to the numbers on the Ti (control) surface after 4 and 24 h of cell culture, which is defined as 
100%. The error bars show the ± SEM of 3 replicate experiments. The average cell adhesion 
to the control (non-implanted) Ti surfaces was 571 cells at 4 h and 668 cells at 24 h 
(approximately 58 and 69% of the cells added initially, respectively). * Denotes statistically 
significant differences in cell adhesion between the Ca (high)-Ti and Ti (control) surfaces at 4 
and 24 h (p = 0.02 and 0.01, respectively).
However, when the incubation time was extended to 24 h, the number 
of cells which had adhered to the Ca (high)-Ti discs increased to a level 
which was significantly higher than on the non-implanted Ti (129%; p = 0.01), 
whereas cell attachment to the Ca (low)-Ti and Ca (med)-Ti surfaces were 
similar to the control Ti discs. Thus, despite a relatively low level of cell 
adhesion at 4 h of cell culture, prolonged incubation (for 24 h) markedly 
enhanced the binding of the MG-63 cells to the Ca (high)-Ti discs (Figure
4.1).
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4.3.2 Calcium-implantation levels and bone cell morphology
Morphological analysis of cells adhered on the Ti (control), Ca (high), 
Ca (med) and Ca (low) surfaces indicate that at 4 h of cell culture spreading 
of MG-63 cells appeared to be enhanced on the Ca-implanted discs 
compared with the control (Figure 4.2). The representative SEM micrographs 
show that when these cells were incubated on the Ca (high)-Ti discs they 
appeared relatively well spread and highly flattened, with an increased cell- 
to-substrate contact ratio compared with those on the Ti (control) discs. An 
extensive network of cytoplasmic processes, extending not only to the 
underlying substrate but also established between neighbouring cells, was 
observed on Ca (high)-Ti discs. In contrast, cells on the Ti (control) discs, 
which remained mainly rounded at 4 h of cell culture, had far fewer and much 
shorter fibrillar extensions (Figure 4.2).
The difference could be explained by the fact that MG-63 cells were 
more spread out and covered the totality of the Ca (high)-Ti surface in 
contrast with Ti (control) where the area occupied by cells appeared to be 
smaller, leaving the Ti disc exposed. It must be noted that like Ca (high)-Ti, 
MG-63 cells incubated on Ca (med)-Ti and Ca (low)-Ti discs also exhibited a 
flattened morphology, with prominent dorsal ruffles and numerous 
cytoplasmic processes which were clearly associated with the cell body, 
compared with the control discs. Figure 4.2 also reveals that despite 
seemingly enhanced spreading, increasing concentrations of implanted Ca 
ions caused an apparent reduction in the numbers of attached MG-63 cells 
after 4 h of incubation.
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Figure 4.2: SEM micrographs of adherent MG-63 cells following 4 h of incubation on Ti 
(control), Ca (high)-Ti, Ca (med)-Ti and Ca (low)-Ti discs. Note the presence of fewer but 
much more highly spread cells particularly on the Ca (high)-Ti compared with the Ti (control) 
discs. Magnification x 700-795, as indicated.
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4.3.3 Calcium-implantation levels and bone cell spreading
Digital image analysis of the SEM micrographs showed that the 
number of MG-63 cells which attached to the Ca (high)-Ti discs was only 
61% of the control (non-implanted Ti disc) level (401 compared with 653 
cells, respectively; p=0.02) (Table 4.1). In contrast, no significant differences 
were measured in the binding of cells to either Ca (med)-Ti or Ca (low)-Ti 
discs compared with that on the Ti (control) surfaces.
Table 4.1: Effects of Ca levels on binding and spreading of MG-63 cells
Surfaces Number of attached 
cells
%of
control
Average cell area 
(pm2)
% of
control
Ti (control) 653 ± 22 100 682 ±15 100
Ca (high)-Ti 401 ± 24 61* 1405± 10 206*
Ca (med)-Ti 559 ±19 86 1013 ±30 148
Ca (low)-Ti 672 ±15 103 1106 ±20 162
Values shown are the average (± SEM) of 3 replicate samples repeated 3 times. The 
numbers and spreading of attached cells, after 4 h of incubation, were measured on 5 
random fields of the SEM micrographs. The values relative to control Ti discs, defined as 
100% are also shown. * Indicates statistically significant differences, shown in bold, 
compared with control; p <0.05.
This finding is in agreement with the above-mentioned results which 
described the adhesion of radioactively-labeled MG-63 cells to the Ti 
(control) and Ca-Ti surfaces (Figure 4.1). Values presented in Table 4.2 also 
show that despite reduced cell binding to the Ca (high)-Ti, the spreading (i.e., 
average cell area) of the cells which had attached to this particular surface 
was significantly greater than that on the Ti (control) (206%; p-0.01) (Table
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4.1). Although average cell area of MG-63 cells was also enhanced on Ca 
(med)-Ti and Ca (low)-Ti discs compared with the control, it was nevertheless 
not as markedly increased as on Ca (high)-Ti surfaces (Table 4.2).
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Figure 4.3: The effect of Ca implantation levels on the shape factor of MG-63 cells following 
4 h of cell culture. The shape factor of a perfect circle is defined as 1 and that of a straight 
line as 0.00. The SEM micrographs on the left show a representative cell which is highly 
circular (top) to one which is highly flattened and spread, with many cytoplasmic processes 
(bottom). * Denotes significant differences between the Ca (high)-Ti and control Ti discs; p = 
0.01.
In addition, the results in Figure 4.3 show that the shape factor [(area 
x perimeter2) 4tu] value of these cells, which is inversely related to the 
roundness of the cell, was also significantly lower than on the control Ti discs 
(0.21 compared with 0.69; p=0.01). As with cell attachment and cell 
spreading, the shape factors of cells on the Ca (med)-Ti and particularly on 
the Ca (low)-Ti discs were not significantly different from the control values
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after 4 h of incubation. Due to cell-cell interactions at 24 h, which affect cell 
shape and spreading, measurements were not performed at this later time 
point.
4.3.4 Influence of different levels of calcium on cell size and cell
granularity
FCM analysis of the suspensions of MG-63 cells, obtained at 4 h cell 
culture from Ca-implanted and Ti (control) discs, showed no significant 
difference in the relative cell size and / or cell granularity (Figure 4.4 and 
Table 4.2). However, Figure 4.4 shows that by 24 h, cells cultured on the Ca 
(high)-Ti surface were larger and of increased intracellular complexity 
compared with those on the non-implanted surface.
Significantly increased FSC and SSC values (599 and 553, 
respectively) were found on this particular surfaces compared with the non­
implanted discs (520 and 472, respectively) (p=0.02 and p= 0.01) (Figure 4.4 
and Table 4.2). On the contrary, implantation of Ti discs with low 
concentrations of Ca ions seemed to have no significant effect on the size 
and/or granularity of MG-63 cells after 4 and 24 h of cell culture (Figure 4.4 
and Table 4.2). Table 4.2 shows that both FSC and SSC values of MG-63 
cells cultured on Ca (low)-Ti discs were very similar to those on the Ti 
(control) surfaces at both periods of incubation.
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Figure 4.4: FCM profiles showing light scatting characteristics, indicative of relative size and 
granularity, of the MG-63 cells which were incubated on the surface of the Ti (control), Ca 
(high)-Ti and Ca (low)-Ti discs for 4 and 24 h under standard tissue culture conditions. Note 
significantly increased FSC and SSC values (marked by boxes and arrows) of cells collected 
from Ca (high)-Ti discs following 24 h of cell culture.
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Table 4.2: Effects of Ca ion-implantation levels on size and granularity
of MG-63 cells
Surfaces Size (FSC) Granularity (SSC)
4 h  24h 4h  24~h
Ti (control) 512 ±2.4  520 ± 3.5 469 ± 3.2 472 ± 2.7
Ca (high)-Ti 524 ± 1.9 599 + 2.6* 455 ±3.0 553 ± 2.8*
Ca (low)-Ti 515 ±3.1 539 ±2.3  462 ± 2.6 478 ± 3.5
The size and granularity of MG-63 cells cultured for 4 and 24 h on Ti (control), Ca (high)-Ti
and Ca (low)-Ti discs were measured by FCM. Values shown are the averages (± SEM) of 3
replicate samples repeated 3 times. * Indicates statistically significant differences, shown in
bold, compared with the control Ti discs (p < 0.05).
4.3.5 Calcium ion-implantation levels and integrin expression
FCM was also used to determine whether the interaction of cells with 
control versus Ca (high)-Ti and Ca (low)-Ti discs was associated with 
changes in the expression of integrins. The results demonstrate that although 
there was no difference between the Ca-implanted and control Ti discs in the 
relative level of expression of the p1 and a5p1 integrins at 4 h, at 24 h a5p1 
integrin expression significantly increased (by 120%; p=0.05) in cells 
incubated on the Ca (high)-Ti surface (Table 4.3 and Figure 4.6).
Figure 4.5 shows that the levels of the p1 antigen, common to all 
integrins of the ‘p1 family’, were not affected by the modification of Ti surface 
chemistry by Ca ion-implantation (Figure 4.5 and Table 4.3). However, 
compared with the control, the expression of a5p1 by MG-63 cells was 
significantly up-regulated on Ca (high)-Ti surfaces following 24 h of 
incubation (p = 0.05) (Figure 4.6 and Table 4.3).
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Figure 4.5: The representative data of pi integrin expression by flow cytometric analyses. 
The effects of Ca-implantation on the expression of pi integrin by MG-63 cells were 
measured after 4 and 24 h of incubation on Ti discs. For background staining, the primary 
antibody pi-FITC was appropriately replaced with mouse lgG1-FITC. The net AFI is shown 
for each histogram.
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Figure 4.6: Representative FCM histograms showing cell surface expression of a5p1 
integrins by MG-63 cells following 4 and 24 h of incubation on control and Ca-implanted Ti 
discs. Compared with control, cells cultured on Ca (high)-Ti for 24 h significantly enhanced 
the fluorescence intensity of a5p1 integrins, as indicated by the arrow (p = 0.05).
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Table 4.3: Effect of Ca-implanted Ti on integrin expression
by MG-63 cells
Ti surfaces Relative antigen levels (% of control)a
4 h 24 h
(31 oc5pi (31 a5(31
Ca (high)-Ti 86 ± 1.9 83 ±2.07 114 ±5.8  120 ±2.1*
Ca (low)-Ti 95 ± 5.3 87 ± 4.2 108 ±3.3 104 ±2.5
FCM analysis of pi and a5pi integrin expression by MG-63 cells cultured on Ti (control), Ca 
(high)-Ti and Ca (low)-Ti for 4 and 24 h .a The values shown are relative to control Ti discs, 
defined as 100%. * Indicates statistically significant increase in a5p i, shown in bold, p = 
0.05.
Results show that the expression levels of (31 and a5|31 integrins measured 
at both time points were not significantly elevated on Ca (low)-Ti surfaces in 
comparison with that on the control (Figure 4.5, Figure 4.6 and Table 4.3).
4.3.6 Calcium implantation and formation of adhesion plaques
Representative images of the presence of discrete triangle-shaped 
vinculin-positive adhesion plaques at the periphery of cells cultured on the 
Ca-implanted and control Ti surfaces for 4 and 24 h are shown in Figure 4.7. 
Analysis of the number of adhesion plaques, measured on thirty randomly 
selected cells in each sample as described in the section 4.2.8, showed that 
there was a significantly greater number on the Ca (high)-Ti surface 
compared with the Ti (control) (Table 4.4).
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Table 4.4: Effects of different Ca levels on the formation 
of adhesion plaques by MG-63 cells
Ti surfaces Number of adhesion plaques / cell
4 h 24 h
Ti (control) 12 ±2.5 19 ± 1.86
Ca (high)-Ti 34 ± 1.3* 48 ± 1.9*
The numbers of adhesion plaques/cell were measured following 4 and 24 h of culture on the 
Ti (control) and Ca-Ti (high) discs. * Significant differences compared with Ti (control), 
shown in bold, were observed in the number of vinculin-positive adhesion plaques on Ca 
(high)-Ti at 4 and 24 h (p = 0.01 and 0.03 respectively).
Results show that the number of adhesion plaques increased in cells 
on both surfaces during the experimental culture period, with the greatest 
number in cells on Ca (high)-Ti at both time points (34; p=0.01 and 48; p = 
0.03 sites per cell at 4 and 24 h, respectively) (Figure 4.7 and Table 4.4). 
Figure 4.7 demonstrates that after 24 h in culture, there were still significantly 
more immuno-reactive (vinculin-positive) sites on the cells incubated on the 
Ca-implanted surface compared with those on the Ti (control) discs (Figure 
4.7).
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Figure 4.7: Immunostaining of vinculin in MG-63 bone cells cultured for 4 h (A) and 24 h (B) on the Ti and Ca (high)-Ti discs. The arrows indicate 
the triangle-shaped vinculin-positive adhesion plaques on the cell periphery. Note that the cells on the Ca (high)-Ti discs formed more adhesion 
plaques than those on the control Ti at both time points, magnification x 800-1200.
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4.3.7 Influence o f pre-immersion o f titanium discs on cell adhesion and 
surface elemental composition
Results presented in Table 4.5 show that when Ti (control) discs were 
pre-immersed for 4 h in tissue culture medium and then incubated with MG-63 
cells for a further 4 h, the number of radioactively-labelled attached cells 
increased by an average of 150% compared with the level on non-immersed Ti 
discs (Table 4.5). In contrast, 4 h pre-immersion of the Ca (high)-Ti discs 
substantially reduced cell adhesion to 68% compared with that on the non­
immersed Ca (high)-Ti discs. Likewise, when the Ti discs were pre-immersed for 
24 h in DMEM, the level of cell attachment to Ti (control) surfaces remained at a 
similarly elevated level (162% of the non-immersed Ti), however, cell binding to 
the Ca (high)-Ti discs significantly increased to 247% of the non-immersed Ca 
(high)-Ti (p=0.01) (Table 4.5).
Table 4.5: Effects of pre-immersion of Ti discs on MG63 cell adhesion
Ti surfaces Relative cell adhesion a / %
Pre-immersion period
4 h 24 h
Ti (control) 150 ±1 .5 162 ±0 .72
Ca-Ti (high) 68 ± 2 .5 247 ± 5.2*
Values (± SEM of 3 replicate experiments) presented are a relative to cell adhesion on both non- 
immersed Ti (control) and Ca-Ti (high) discs, each defined as 100% for the respective pre- 
immersed surface. * Statistically significant differences (p = 0.01) in cell adhesion is shown 
between Ti (control) and Ca-Ti (high) discs pre-immersed for 24 h prior to cell culture.
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Thus, while the duration of pre-immersion did not affect the elevated level of 
cell attachment to the control Ti surface, prolonged pre-immersion of the Ca 
(high)-Ti discs markedly reversed the initial reduction of MG-63 cell binding to 
this surface. These findings suggest that the chemical changes occurring at the 
Ti surfaces had an effect on cell adhesion, and may partly elucidate the 
underlying mechanisms responsible for the differences in the attachment of MG- 
63 cells on Ca (high)-Ti observed at 4 and 24 h of cell culture (Figure 4.1). To 
further investigate whether Ca implantation affects the chemical composition of 
Ti surfaces under tissue culture conditions, X-ray microanalysis was carried out, 
as described in section 4.2.9.
The EDS spectra recorded from the SEM images are shown in Figure 4.8 
(pre-immersed Ti discs with cells) and Figure 4.9 (pre-immersed Ti discs without 
cells). A representative SEM image of the control Ti surface after 4 h of pre­
immersion and 4 h of cell culture (Figure 4.8A) showed large flat areas of 
surface between the cells. In addition to the two peaks corresponding to Ti, 
spectra recorded from these flat surface regions also showed presence of O and 
C on the surface, which was expected following immersion of Ti discs in an 
organic medium like DMEM (Figure 4.8 A and Figure 4.9 A). Figure 4.8 B shows 
that a large number of small precipitates appeared both underneath as well as 
between the cells adhered on the Ca (high)-Ti surfaces. Although Ti (control) 
discs were incubated under the same conditions as Ca (high)-Ti, no such 
deposits were detected in the SEM images of cells attached on these surfaces 
(Figure 4.8 B). It must be noted that these precipitates were also observed on
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Figure 4.8: Changes in the surface chemistry after pre-immersion of the Ti (control) and Ca 
(high)-Ti discs in DMEM at 37°C for 4 and 24 h prior to cell culture for 4 h. The arrows on the 
SEM micrographs of Ti surfaces indicate representative areas from which spectra were 
recorded. The black regions in each image correspond to the nucleus of the adherent cell and 
the grey region to the cytoplasm of the cell body. The pale areas correspond to the Ti surface 
between the cells. All spectra were recorded from the following areas away from the cells: (A), a 
flat surface region of the Ti (control) discs after 4 h of pre-immersion; (B), a flat surface region 
between the precipitated material found to be deposited on the Ca (high)-Ti discs after 4 h of 
pre-immersion; (C), the precipitated material deposited directly on the Ca (high)-Ti discs after 4 h 
of pre-immersion; (D), a flat surface region of the Ti (control) discs after 24 h of pre-immersion; 
and (E), a flat surface region of the Ca (high)-Ti discs after 24 h of pre-immersion. Note the 
absence of the P peak at 24 h in (E) compared with 4 h in spectrum (C), as above.
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the Ca (high)-Ti surfaces which were pre-immersed for 4 h in DMEM but were 
not then cultured with cells (Figure 4.9 B).EDS spectra recorded in between 
these precipitates (Figure 4.8 B) showed the presence of Ca as well as Ti, as 
expected for the ion-implanted surface. X-ray spectra recorded from the 
precipitates themselves showed Ca and P (Figure 4. 8 C and Figure 4.8 C), 
which suggests the formation of a Ca- and P-rich deposit on this particular 
surface after 4 h of pre-immersion in DMEM. Figure 4.8 D and Figure 4.8 E 
show the SEM images and X-ray spectra of the Ti (control) and Ca (high)-Ti 
discs, respectively, after 24 h of pre-immersion followed by 4 h of culture with 
the MG-63 cells. In agreement with the previous finding (Figure 4.8 A), no 
deposits were observed on the surface of the control discs which had been pre- 
immersed for 24 h (Figure 4.8 D). The most striking difference between the SEM 
image of the Ca (high)-Ti discs following 4 and 24 h of pre-immersion was that 
at 24 h no precipitated material was visible on the Ca (high)-Ti discs (Figure 4.8 
B and 4.8 E). The Ca (high)-Ti discs pre-immersed for 24 h and then not 
cultured with cells also had no detectable particulate material (Figure 4.9 E).
Spectra recorded from areas between the cells after 24 h of pre­
immersion of the control and Ca (high)-Ti discs (Figure 4.8 D and 4.8 E) were 
very similar to the spectra of the comparable flat regions of these discs after the 
shorter pre-immersion time of 4 h (Figure 4.8 A and Figure 4.8 B), with no P 
detected in any of these areas. It appears that the pre-immersion of the Ca 
(high)-Ti but not the control Ti discs elicited the formation of a Ca- and P-rich 
deposit within 4 h which, after 24 h of pre-immersion, was no longer detected on 
this ion-implanted surface. This effect was persistent for both sets of the Ti discs
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Figure 4.9: EDS spectra showing changes in the surface chemistry after pre-immersion of the Ti 
(control) and Ca (high)-Ti discs in DMEM at 37°C for 4 and 24 h in the absence of MG-63 cells. 
The boxes and arrow on the SEM micrographs of Ti surfaces indicate representative areas from 
which spectra were recorded. All spectra were recorded from the following areas: (A), a 
representative region of the Ti (control) discs after 4 h of pre-immersion; (B), a representative flat 
surface region between the precipitated material found to be deposited on the Ca (high)-Ti discs 
after 4 h of pre-immersion; (C), the precipitated material deposited directly on the Ca (high)-Ti 
discs after 4 h of pre-immersion; (D), a flat surface region of the Ti (control) discs after 24 h of 
pre-immersion; and (E), a flat surface region of the Ca (high)-Ti discs after 24 h of pre­
immersion. Note the absence of the P peak at 24 h in (E) compared with 4 h in spectrum (C), as 
above.
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regardless of the presence or absence of cells, as shown in Figure 4.8 and 
Figure 4.9, respectively.
4.4 Discussion
The biocompatibility of an implant material is mainly dictated by its ability 
to elicit appropriate host tissue responses at cellular as well as at the molecular 
levels [Puleo and Nanci 1999]. As surface characteristics of the metallic implants 
influence cell adhesion [Kornu et al. 1996; Puleo and Bizios 1992], which in turn 
regulates cell proliferation [Folkman and Moscona 1978; Hynes1992], analysis 
of different aspects of cell adhesion has been generally accepted as a good 
indicator of implant materials biocompatibility. The results presented here show 
that alteration of Ti surface chemistry by implanting 3 concentrations of Ca ions 
had a dose-dependent effect on the adhesion of bone-like MG-63 cells. While 
adhesion of osteoblastic cells on Ca (med)-Ti and Ca (low)-Ti surfaces 
appeared similar to that on Ti (control) discs, an enhanced cell adhesion was 
measured on Ca (high)-Ti surfaces, at physical, morphological and molecular 
levels, as discussed below.
4.4. f. Attachment of MG-63 cells to calcium-implanted titanium
Results of the current study showed that while MG-63 cells readily 
adhered to the Ca (low)-Ti and Ca (med)-Ti surfaces, the initial binding of the 
cells to the Ca (high)-Ti surface was significantly reduced despite a high level of 
spreading on this particular surface, as noted below. This Ca (high)-Ti-induced 
reduction in cell attachment, observed at 4 h (Chapter 3), appeared to be
125
completely reversed following prolonged culture for 24 h. At this later period of 
incubation, cell adhesion was significantly enhanced which is indicative of higher 
proliferation capacity of this surface compared with the control,
A number of factors may have contributed to this time-related effect 
Firstly, during the ion-implantation process an amorphous oxide surface layer is 
formed [Hanawa et a t 1993], which has a different chemical composition to the 
native oxide on the non-implanted Ti and is likely to carry a different charge on 
immersion in solution. Such amorphous layers could differentially interact with 
inorganic ions in solution via the electrical double layer which forms in the 
interfacial region of the electrolytic fluid, possibly resulting in a supersaturated 
solution and the precipitation of ionic compounds as well as influencing 
interactions with biomolecules in solution. In addition, the surface oxide layer, 
which thickens on ion implantation [Hanawa et al. 1996b; Wieser et al. 1999], 
may thicken even further on prolonged incubation. It is notable that only the Ca 
(high)-Ti discs were observed to undergo a reflective colour change in culture 
medium. This effect was most probably due to the light interference effect that 
occurs when a surface layer of certain thickness and refractive index is formed 
on a reflective surface such as the Ti substrate. In experiments conducted by 
the Biomaterials group (Appendix A), an increase in the surface oxide thickness 
on Ca (high)-Ti discs and considerable further thickening on immersion in 
solution was found, compared with that on the Ti (control). Thus, the enhanced 
MG-63 cell attachment following prolonged incubation of Ca (high)-Ti discs in 
DMEM could be related to the formation of a thicker oxide layer, as has been
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reported to also cause stronger bone Integration and enhanced tissue 
responses in rabbit tibia in vivo [Sul et al. 2001].
In addition to thickening of the oxide layer, previous studies have reported 
the time-dependent dissolution and leaching of ions from the Ca-imptanted 
surface on immersion in nitric acid, phosphate buffer, saline [Hanawa et al. 
1996a] and deionised water (Appendix A). Continuing loss of Ca ions from the 
substrate would affect the surface charge and would also alter the local pH and 
ion concentration in the solution, potentially having marked effects on cellular 
activity. Thus, many features of the Ti surface, particularly following implantation 
with high levels of Ca ions, are likely to be considerably different after 24 h in 
culture medium compared with the initial 4 h period of cell attachment.
4.4.2 Spreading and morphological characteristics o f bone cells
The results of the experiments described in this chapter revealed that 
implantation of Ti with Ca ions strongly influenced the spreading of MG-63 cells 
both qualitatively and quantitatively and moreover, this effect depended on the 
level of Ca ions which had been implanted into the Ti surface. Changes in the 
extent of spreading were also found to be associated with marked differences in 
the morphological appearance of the cells. Thus, increasing doses of Ca ions 
caused a significant increase in spreading and cell area compared with the 
control Ti. Cells on Ca (high)-Ti surface appeared to flatten, spread well and 
formed cellular bridges with the adjacent cells and also extended fibrillar
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processes towards the surface of the Ti substrate, as observed and quantified 
from the SEM micrographs.
This is an important finding as it has been suggested by other 
researchers that such initial cell response will eventually cause an enhancement 
in the rate of proliferation of cells cultured on the surface of implant materials 
[Dalby et al. 2002]. Dalby et al assessed fibroblast reaction to the islands 
produced by polymer demixing of polystyrene and polybromostyrene. They 
found that the spreading of fibroblasts cultured on 13-nm-high islands was 
enhanced compared with those on the planar surfaces. They showed that the 
well-spread cells adhered on the islands also caused broad gene up-regulation, 
notably in the areas of cell signalling, proliferation, cytoskeleton, and production 
of ECM proteins [Dalby et al. 2002].
The importance of cell spreading on their proliferation has also been 
emphasised by experiments that used endothelial cells cultured on 
microfabricated substrates containing fibronectin-coated islands of various 
defined shapes and sizes of a micrometer scale. Cells spread to the limits of the 
islands containing fibronectin substrate. When the spreading of cells was 
restricted by smaller adhesive islands, proliferation was arrested, whereas larger 
islands permitted proliferation [Chen et al. 1997]. It has been previously 
established that physical cues such as the cell shape may play an important role 
in regulating the cell function [Mrksich et al. 1996]. Self-assembled monolayers 
(SAMs) of alkanethiolates on gold, adhesive micrometer-scale islands of ECM 
proteins or RGD peptides separated by nonoadhesive regions were 
manufactured using soft lithography (the formation of surfaces with well-defined
molecular characteristics and complex topographies), and the size and 
geometry of the islands were shown to determine cell shape [Mrksich et at 
1996] and ultimately gene expression [Chen et al. 1997; Whitesides et al. 2091], 
Thus an enhanced spreading (increased cell area and reduced cell shape 
factor) of MG-63 cells cultured on Ca (high)-Ti discs compared with the control 
may be indicative of an improved biocompatibility of these modified surfaces.
4.4.3 Flow cytometry and confocal microscopy analyses
The level of Ca ion implantation and duration of cell culture was also 
found to affect the relative size and granularity of individual cells, with Ca (high)- 
Ti showing a statistically significant increase compared with the Ti (control) 
surface, but again only after 24 h of incubation. This increase in volume and 
complexity of intracellular organelles suggests that cells incubated on the Ca 
(high)-Ti surface for 24 h are likely to have elevated metabolic and mitotic 
activity [0rmerod2000; Radbruch A.2Q00]. However, FCM analysis showed that 
cells incubated on Ti implanted with the lower doses of Ca did not become 
similarly activated.
In the current study, the effects of Ca implantation levels on the 
expression of integrins by MG-63 cells were analysed. Integrins, which are 
closely associated with adhesion to substrata as well as cell activation, have 
been previously reported to be expressed by osteoblasts [de Ruijter et al. 2001; 
Sinha and Tuan 1996]. de Ruijter et al showed that osteosarcoma cell lines 
provide a reliable in vitro model to analyse integrin expression in response to 
differences in the chemical composition of the implant materials [de Ruijter et al.
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2001]. The expression of integrin subunits pi, <x3, <x4, a5, a6, and av by U20S 
c l^ls cultured on various well-defined calcium phosphate (Ca-P)-coated implant 
substrates was quantitatively analysed. These osteosarcoma cells expressed 
high levels of p1, low levels of a4, a5 and a6, and moderate levels of a3 and av 
integrin subunits on the various biomaterial substrates, de Ruijter et al 
concluded that Ca-P-coated implant substrates modulate expression patterns of 
integrin receptors, which are the sensors of the cell [de Ruijter et al. 2001]. 
Results presented in this chapter showed that at 24 h, but not at 4 h, the aSpi 
integrin by MG-63 cells was specifically and significantly up-regulated on the Ca 
(high)-Ti surface compared with the control Ti. Moreover, lower doses of Ca did 
not result in similar significant up-regulation.
Poor cell adhesion to orthopaedic and dental implants may result in 
implant failure. Cellular adhesion to biomaterial surfaces is primarily mediated by 
integrins, which act as signal transduction and adhesion proteins. Several 
studies have investigated the factors which affect integrin expression by cells 
cultured on different substrates. Different levels of integrin were expressed 
depending on the type of cells used, composition and topography of the 
substrate on which the cells were cultured [Gronowicz and McCarthy 1996; 
Sinha et al. 1994; Sinha and Tuan 1996]. Cell spreading, which is an active 
process and also involves expression of integrins, was reduced on more rough 
surfaces, which is in agreement with an earlier study that demonstrated an 
improved attachment and spreading of osteoblastic cells on smooth Ti surfaces 
[Anselme et al. 2000; Shah et al. 1999]. In contrast, Lange et al showed that the
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expression of two p- and three a- integrin receptor subunits by MG-63 ceils was 
increased on rough compared to polished Ti surfaces [Lange et al. 2002a].
Although the precise reason for the delayed response of ct5pi, by cells 
cultured on the Ca (high)-Ti surfaces, is not yet understood, this integrin 
mediates cell adhesion to substrates via binding to FN, a process which also 
generates intracellular signals that lead to the progression of cells through the 
cell cycle and increased cell proliferation [Juliano and Haskiil 1993; Roovers et 
al. 1999]. Furthermore, a previous study demonstrated that the addition of anti 
a5 or pi antibody significantly reduced the mineralization of osteoblasts in vitro. 
This effect was reversible following the removal of the anti-integrin antibody. 
Therefore, it was proposed that the integrin-mediated adhesion and signalling 
events may contribute to the progressive differentiation of the osteoblast and to 
the initiation of a mineralized matrix. [Schneider et al. 2001].
Integrin’s functions depend on divalent cations such as Mg and Ca which 
are present in mm concentrations in vivo and regulate the interaction of integrins 
with their cognate ligands [Hynes2002]. Zreiqat et al investigated the effects of 
modification of bioceramic substrate via Mg ion supplementation on HBDC 
adhesion, integrin expression, and activation of intracellular signalling molecules 
[Zreiqat et al. 2002]. They showed that the adhesion of HBDC to Al(2)0(3)- 
Mg(2+) was increased compared to on the Mg(2+)-free Al(2)0(3). In addition, 
when a5pi and pi integrins were blocked by functional blocking antibodies, 
HBDC adhesion significantly decreased. They concluded that cation-promoted 
cell adhesion to biomaterial surfaces is probably mediated by a5p1 and pi
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integrins. Furthermore, their results suggest that this integrin-mediated cell 
adhesion may have triggered a signal transduction pathway involving the key 
signalling protein She, which subsequently resulted in enhanced gene 
expression of the ECM proteins [Zreiqat et al. 2002].
Another study demonstrated that integrin function is critically dependent 
on the concentration of divalent cations [Ajroud et al. 2004}. It is therefore
possible that the presence of a sufficiently high level of Ca ions, released from
*
or contained within the Ca (high)-Ti surfaces (Appendix A), might trigger 
enhanced ligand binding of the integrin receptors, thereby stimulating integrin- 
mediated activation signalling pathways. Ajroud et al proposed an integrin- 
metal-ligand ternary complex where the affinity of metal ions to integrins is itself 
regulated by the activation state of these receptors and by certain ligands. They 
reported that the Ca ions regulate the interaction of integrins with their cognate 
ligands [Ajroud et al. 2004].
Results of the current study also showed that incubation of MG-63 cells 
on the Ca (high)-Ti surface caused a significant increase in vinculin-positive 
focal adhesion plaques. In agreement with the current study, vinculin was 
previously shown to be expressed at high levels by well-spread cells on Ti-6AI- 
4V and CC surfaces [Shah et al. 1999]. Diener et al recently demonstrated that 
the surface topographical differences of Ti regulate the number and size of 
vinculin-positive focal adhesion plaques formed by MG-63 cells [Diener et al. 
2005]. Zinger et al showed that cells can respond not only to micrometric but 
also to nanometric surface topographical variations. They demonstrated that the 
formation of vinculin-positive adhesion plaques by MG-63 cells varied on Ti
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surfaces with nanoscale differences in roughness [Zinger et at. 2004]. in another 
study, a differential expression of vinculin was reported by Saos-2 cells when 
cultured on grade 1 and grade 4 cpTi discs [Ahmad et al. 1999a].
Vinculin is one of the connecting molecules in the cascade of integrin- 
mediated cell adhesion and signal transduction. Integrins first aggregate on the 
cells attached on the Ti surface and then bind to the ECM molecules secreted 
by these cells, this induces accumulation of vinculin, talin and a-actinin (a
t
homodimer that binds to integrin on the cytoplasmic face). Finally integrins 
trigger tyrosine phosphorylation of signalling molecules, such as FAK, which 
results in cytoskelatal reorganisation via cross-linking of the actin filaments. 
Thus, the mechanisms of cell adhesion to the ECM which are of fundamental 
importance for function, survival, and growth of cells involve the formation of 
focal adhesions to facilitate integrin signalling [Hynes1987; Kornberg and 
Juliano 1992; Kornberg et al. 1991]. The concomitant up-regulation of a5p1 
integrin and vinculin by bone-like cells adhered on Ca (high)-Ti surfaces, may 
therefore highlight some of the molecular events occurring at the cell-Ti 
interface.
4.4.4 Surface analysis and cell attachment following pre-immersion of 
titanium surfades
Ti has been shown to naturally form a calcium phosphate film in 
electrolyte solution whose composition resembles that of extracellular fluid. 
However, the calcium phosphate layer formed on Ti was found to be only a few
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nm thick after 30 day immersion in the SBF. Such a thin calcium phosphate 
layer does not effectively exhibit bioactive properties of HA, because the surface 
is electronically affected by titanium oxide and Ti as substrates [Hanawa and 
Ota 1991]. Modification of Ti surfaces by ion-implantation has previously been 
reported to augment the formation of HA-like calcium phosphate on exposure to 
SBF. This has been demonstrated for Ti implanted with Ca, both as a single 
ionic species [Krupa et al. 2001a] and co-implanted with P [Krupa et al. 2001b], 
and for Ti implanted with Na [Maitz et al. 2002b; Pham et al. 2000a], although 
some of these studies utilised samples which were heat-treated and therefore 
likely to have altered surface chemistry [Krupa et al. 2001b; Pham et al. 2000a; 
Pham et al. 2000b]. While the appearance of calcium phosphate precipitates on 
surfaces has generally been taken as a sign of an improved ‘bioactivity' or 
‘biocompatibility’, the precise mechanisms governing their formation, structure 
and stability are not fully understood. Precipitation may depend on the 
availability of Ti-OH groups acting as nucleation sites [Maitz et al. 2002b], while 
local ion concentrations and changes in pH, as noted above, may also be 
important in determining the supersaturation point at the surface.
In the present study, pre-immersion experiments were also carried out in 
order to study the effects of tissue culture conditions on the attachment and 
surface chemistry of the Ti discs. The EDS analysis carried out here 
conclusively demonstrated that a Ca- and P-rich particulate deposit had formed 
only on the Ca (high)-Ti surfaces after a relatively brief period {4 h) of pre­
immersion in culture medium. However, the presence of this precipitate was 
found to be accompanied by a significantly reduced attachment of the MG-63
134
cells which, nevertheless, retained the morphological appearance indicative of a 
metabolically active cell population. This suggests the possibility that the initial 
formation of Ca- and P-containing particles on the Ti surface implanted with the 
high levels of Ca ions was, at least partially, responsible for the reduction in cell 
adhesion. Although it is not yet known whether this was primarily a physical 
effect of surface topography (for example by blocking attachment sites available 
to the ceils) or an effect of the altered surface chemistry, these particles
f
nevertheless did not appear to exert any deleterious effect on the cells. Most 
notably, the precipitated material was no longer present after more prolonged 
(24 h) pre-immersion, at which time cell attachment to the Ca (high)-Ti surface 
was very substantially enhanced. Thus, while the chemical changes which may 
have occurred at this surface by 24 h remain unclear, they do not appear to 
have involved the presence of an apatite layer at that time, as evidenced by the 
absence of P ions across the surface.
Previous studies have generally shown formation of calcium phosphate 
on ion-implanted Ti following relatively long-term immersion in SBF [Maitz et al. 
2002b], but nucleation of calcium phosphates after 24 h in SBF has also been 
reported [Pham et al. 2000a]. In contrast, when cell attachment was measured 
at 14 days, in a full protein-containing medium as used here, no inorganic 
calcium phosphate precipitate was detected at this time [Maitz et al. 2002a], in 
agreement with the type of changes found at 24 h in the present study. Results 
presented here suggest that differences in the observed levels of cell 
attachment may at least partly be due to modification of nucleation and 
precipitation processes on Ca (high)-Ti surfaces following exposure to high
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levels of amino acids and proteins. These surface changes are likely to depend 
on molecular and ionic interactions between the material and the aqueous 
environment, including release of certain ionic species, local modification of pH 
and also adsorption of biologically active molecules from the medium onto the 
surface.
4.5 Conclusions
i
• Ca implantation can affect the adhesion of MG-63 cells both qualitatively 
and quantitatively. However, this effect appears to depend on the level at 
which Ca ions are implanted.
• Initial reduction in cell adhesion on Ca (high)-Ti was not only restored but 
substantially increased with progressing culture times.
• A significantly enhanced cell spreading, formation of focal adhesion 
plaques and expression of integrins were measured on Ca (high)-Ti 
surface. In contrast, no marked differences were observed in cell 
behaviour on Ca-Ti (low and medium).
• Pre-immersion studies indicated that the decrease in cell attachment to 
Ca (high)-Ti at early time periods may be linked to the presence of Ca- 
and P-rich particles on the surface. The absence of these particles at 24 
h was consistent with a significant increase in cell attachment.
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Chapter 5
Effects of Calcium-Implanted Titanium 
on the Proliferation and Cell Cycle of MG-63 Cells
137
5.0 Introduction
Once the cells are adhered to the substrate, they are confronted with the 
next challenge: they need a different set of cues to start proliferating. Upon cell 
adhesion, a spatial redistribution and clustering of transmembrane receptors 
occurs, which in turn triggers a restructuring of the cytoskeleton. Depending on 
the characteristics of the cell adhesions formed and the associated cytoplasmic 
protein complexes, alternate cell signalling pathways can be triggered that
i
regulate gene expression and ultimately cell migration, differentiation, apoptosis, 
quiescence, or entry into the cell cycle resulting in cell proliferation 
[Anselme2000; Aplin et al. 1999; Puleo and Nanci 1999]. The cell cycle is 
controlled by evolutionarily conserved mechanisms that ensure the strict 
regulation of the division process and the accurate segregation of the genome in 
two daughter cells. An inhibition or elevation in cell proliferation has been 
strongly linked to the mechanisms which regulate movement of cells through 
different phases of the cell cycle [Johnson and Walker 1999; Murray2004; 
Norbury and Nurse 1992]. These mechanisms are able to integrate intra- and 
extracellular signals and, therefore, play a central role in the control of cell 
proliferation [Ryh£nen et al. 2003].
Current testing of implant materials for potential clinical application 
frequently involves the measurement of overall change in cell number in vitro, 
which is usually equated with the level of ‘biocompatibility’IVogel and Baneyx 
2003]. While the effect of implant materials on cell growth is undeniably an 
important feature of the cellular response, such data provide only limited 
understanding of cell-implant interactions and the molecular basis whereby
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implant materials exert their biological effects. However, a number of cellular 
‘markers' such as the nuclear antigen Ki-67 are known to delineate actively 
proliferating cells specifically [Danova et al. 1988; Landberg et al. 1990], while 
progression through the various coordinated stages of the cell cycle is also now 
considered to be a major determinant of cell growth [Johnson and Walker 1999; 
Murray2004; Norbury and Nurse 1992].
In order to clarify the effects of Ca ion-implantation of Ti on bone cells,
i
the present study has used FCM to determine, for the first time, whether these 
novel Ca-Ti surfaces modulate Ki-67 expression and the progression of 
synchronised cultures of MG-63 cells through the G0/G1, S and G2/M phases of 
the cell cycle. Experiments presented in this chapter evaluated the effects of 
different levels of Ca ion-implantation of Ti on MG-63 cell proliferation via [3H] 
thymidine incorporation assay and Ki-67 immunostaining method, as described 
below.
5.1 Background
5.1.1 Cell proliferation
Controlling surface chemistry by ion-implantation has been previously 
shown to invoke a favourable cellular response (Chapter 1). For example, Ca- 
ion implantation of Ti has reported to increase the formation of new osteoid 
tissue in vivo as early as after 2 days of implant insertion [Hanawa et al. 1997]. 
However, these claims [Hanawa et al. 1997] were previously challenged by 
Howlett et al due to the lack of both quantitative and surface topographic 
measurements [Howlett, 1999b], as discussed earlier in Chapter 1.
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Krupa et al investigated the effects of Ca ion-implantation of Ti surfaces 
on bone cell response in vitro {Krupa et al, 2001a]. Human osteoblasts were 
seeded on the surfaces of both the Ca Ion-implanted (at a dose of 1 x 1017 ions 
cm'2) and non-implanted Ti samples (6.2 mm in diameter and 2 mm high Ti 
cylinders placed at the bottom of 96-well culture dishes). After one week, 
viability of the cells was determined by means of the XTT assay. This test is 
based on the capacity of mitochondrial dehydrogenase enzymes in living cells
i
for converting the XTT substrate (2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5- 
[(phenyloamino) carboxyl]-2H-tetrazolium hydroxide) into a water-soluble 
formazan product, which in this study was measured by the ELISA (enzyme 
linked immunosorbent assay) reader. Their results demonstrated that the Ca-Ti 
surfaces had no effect on the viability of cultured cells [Krupa et al. 2001a]. In 
contrast to the findings of Krupa et al, initial results of the current study showed 
that the growth of alveolar bone and MG-63 cells was enhanced on the Ca 
(high)-Ti discs compared to that on the non-implanted control (Chapter 3). To 
test whether this increased proliferation of MG-63 cells was dependent on the 
concentration at which Ca ions were implanted, two cell proliferation assays 
were employed i.e. pH) thymidine incorporation (described earlier in Chapter 2), 
and a Ki-67 staining method, which is explained in the following section.
5.1.1.1 Cell proliferation associated Ki-67 antigen
A quantitative method to assess cell proliferation is one essential 
prerequisite for testing biomaterial cytocompatibility in vitro. Several nuclear and 
surface proteins are expressed in varying amounts during different phases of the
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cell cycle. Studying these proteins permit a better understanding of the 
mechanisms regulating proliferation and provide kinetic parameters for 
describing the cell cycle. Proliferating cell nuclear antigen (PCNA) and Ki-67 are 
two such nuclear proteins which are expressed in cycling* but not in GO cells. 
Statin, on the contrary, is expressed only in resting GO cells. However, the 
expression of the c-ras product is not strictly related to the cell cycle phases 
[Danova et al. 1990].
t
Ki-67, selected in the current study to examine the effects of Ca ion- 
implantation levels on cell growth, was previously demonstrated to be 
associated with only actively proliferating cells [Danova et al. 1988; Landberg et 
al. 1990]. For example, Danova et al measured the expression of Ki-67 in the 
breast carcinoma MCF-7 cell lines, human leukemic cells and the glioblastoma 
cells using FCM. These authors found that the Ki-67-reactive antigen is 
expressed only by the actively proliferating cells which are in G1, S, and G2-M 
phases of the cell cycle [Danova et al. 1988]. Similarly, Landberg et al measured 
the expression of Ki-67 in seven human hematopoietic cell lines using a 
monoclonal antibody and a phycoerythrin-conjugated anti-mouse antibody. 
These authors showed that cycling cells expressed the Ki-67 antigen with 
increasing levels during the S phase, while a maximum level was detected in M 
phase. Landberg et al concluded that the determination of Ki-67 expression 
levels by FCM is a good method of measuring cell proliferation in vitro [Landberg 
etal. 1990].
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5.1.2 An overview of the cell cycle
The cell cycle is defined as a highly co-ordinated sequence of events 
which stretches from a cell’s “birth” by cell division to the completion of its own 
division [Murray and Hunt 1993], When a cell divides into two daughter cells, the 
genetic information present in the nucleus of the parent cell is duplicated for 
each daughter cell. The cell cycle is divided into five distinct phases, as 
illustrated in Figure 5.1 [Murray and Hunt 1993; Pagano1995].
Figure 5.1: Schematic illustration o f d ifferent phases o f a typical mammalian cell cycle and 
corresponding DNA content of actively cycling cell population, adapted from [Givan2005].
A quiescent cell, which is resting and not involved in cell division is often 
referred to as being in the “GO” state. Once division is triggered, cells enter into 
the pre-synthetic phase called gap 1 or “G1”, during which the amount of RNA 
increases and certain proteins required for DNA replication are synthesised. The 
next stage of the cell cycle is the “S” or DNA synthesis phase where cells double 
their DNA content, often measured by [3H] thymidine incorporation and/or
G0/G 1
G 2/M
2n 4n
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bromodeoxyuridine (BrdU) uptake. At the end of DNA synthesis cells enter in the 
post-synthetic or “G2” phase of the cell cycle. During G2, cells have to ensure 
that DNA replication is adequately completed.
Finally, cells enter mitosis or “M” phase. During this phase, after a 
cascade of events involving chromatin condensation, cytoskeletal re­
organisation occurs, which culminates in the division of a ceU into two daughter 
cells (Figure 5.1) [Murray and Hunt 1993;, Pag an o1995]. At the end of M phase, 
cells will either rest in GO, or go through a new cell cycle. Cells in each stage of 
the division cycle can be characterised by their DNA content. Those in GQ/G1 
phase have a diploid (2n) content of the DNA, in G2 and M the cells contain 
tetraploid (4n) DNA, while S phase cells are identified by an intermediate 
content of DNA, often approximated to 3n (Figure 5.1) [Paganol 995].
5.1.3 Ceil cycle analysis
For the current study, the effects of Ca ion-implantation on cell cycle were 
firstly assessed by monitoring progression of MG-63 cells through the G0/G1, S 
and G2/M phases using FCM, and secondly, by microscopically quantifying the 
numbers of mitotic cells. The influences of control and Ca-Ti discs on cell cycle 
progression were determined by measuring total DNA content in conjunction 
with DNA synthesis, as explained below.
The DNA content of cells is measured to determine the percentages of 
cells in G1, S, and G2/M phases of the cell cycle [0rmerod2000; Paganol 995]. 
Several types of fluorescent dyes can be used to bind the DNA, for example 
diamino-2-phenylindole (DAPI), acridine orange, Hoechst 33342 and 33258,
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chromomycin A3, LDS 751, TO-PRO-3 and propidium iodide (PI) 
[0rmerod2000]. PI, used in the current study to determine the proportion of cells 
cultured on Ti (control) and Ca-Ti surfaces in different phases of the cell cycle at 
any designated time point, reacts with DNA by intercalating between the stacked 
bases of the double helix [Givan2005].
Like [3H] thymidine (Chapter 2), bromo-deoxyuridine (BrdU) is also used 
to measure DNA synthesis [Paganol 995]. BrdU is incorporated by cells which 
are actively synthesising DNA. The proportion of cells with positively tagged 
nuclei can be detected by using anti-BrdU mAb conjugated with a fluorescent 
dye, and quantified either by direct counting in the microscope or by FCM  
analysis. While, [3H] thymidine incorporation assay measures total DNA 
synthesis, BrdU uptake not only determines DNA synthesis per cell but also the 
percentage of S phase cells. The radioactive method measures the total amount 
of DNA being synthesised and is dependent upon the number of cells counted, 
whereas the FCM data reflects proportion of cells that are in the S phase and it 
does not change by changing the total number of cells counted [Givan2005]. A  
previous study investigated the effects of orthopaedic implant materials on the 
progression of MG-63 cells through different phases of the cell cycle by 
measuring BrdU incorporation in conjunction with PI staining and found it to be 
extremely valuable assay [Granchi et al. 1995a]. They showed that using this 
method, the cells in the S phase, marked by the anti-BrdU antibody, can be 
distinguished from the cells in G0/G1 and G2/M phase which were marked with 
PI only. Cells in the G2 /M phase having 4n DNA content, in comparison with
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G0/G1 cells with 2n DNA, showed double fluorescence intensity when analysed 
by FCM [Granchi et al. 1995a; Paganol 995].
M, the last phase of cell cycle is classically divided into four stages: 
prophase, metaphase, anaphase and telophase, as illustrated in Figure 5.2. 
During prophase chromosomes condense, the nuclear membrane 
disaggregates into small vesicles and the mitotic spindle forms by the
Early prophase M idd le  and late M etaphase
prophase  Condensed chromosomes
Chromosomes
condensing
Mitotic spindleNuclear membrane 
breaking
T elop h ase C ytokinesisA naphase
Daughter 
cells forming
Cleavage furrow
Figure 5.2: A schematic diagram illustrating different stages of mitosis, during which the mitotic 
spindle segregates the duplicated, condensed chromosomes into two daughter nuclei and the 
cytoplasm divides to produce two genetically identical daughter cells, adapted from [Lodish et al. 
1996],
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polymerisation of microtubules. The microtubules form the scaffold of the mitotic 
cell; they provide the tracks along which chromosomes move and ensure that 
the chromosomes are equally distributed between the two daughter cells. In 
metaphase, the chromosomes align in a central plane perpendicular to the long 
axis of the spindle. During anaphase the paired chromosomes separate into 
individual chromosomes which are pulled to the opposite poles of the spindle. 
Simultaneously, the cell elongates and cytokinesis (division of cell cytoplasm) 
begins with formation of a cleavage furrow. In telophase the chromosomes 
become less condensed and two new nuclear membranes surrounding the two 
sets of daughter chromosomes are formed. Cytokinesis is completed during this 
last phase of mitosis resulting in the birth of two daughter cells [Lodish et al. 
1996].
As chromosomes which can not be visually observed during GO, G1, S or 
G2 phases become clearly visible during M, especially during metaphase 
(Figure 5.2), microscopy is often used to identify and count these metaphase 
figures (mitotic cells with condensed chromosomes) [Harris and Olsen 1976; 
Ojok et al. 2001; White et al. 1998]. For example, a previous study analysed the 
responses of lymphocytes cultured with various stimulants on DNA synthesis 
and cell division [Harris and Olsen 1976]. Cells in the S phase of the cell cycle 
were counted using [3H] thymidine incorporation assay and autoradiography. To 
determine the number of dividing cells, mitotic counts were performed. Cells 
were embedded in araldite and autoradiographs of the sections were prepared. 
The cells were then fixed in formal saline before staining with toluidine blue. 
Metaphase cells were readily identified and mitotic counts were estimated
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[Harris and Olsen 1976]. In another study, both light and electron microscopy 
were used to examine the femoral bone marrow of rats which were 
experimentally infected with different doses of Trypanosoma congolense (a 
major livestock pathogen in Africa). Femoral bone marrow samples were taken 
from all animals and after fixation were stained with haematoxylin and eosin. 
These authors counted the metaphase figures in the bone marrow samples, and 
found that in the acute stage of trypanosomosis infection, a vast majority of 
haemopoietic cells were in mitosis [Ojok et al., 2001]. Similarly, White et al 
studied the effects of gapstatin, a surface-associated component of 
Actinobacillus actinomycetemcomitans (a bacterium which is a major pathogen 
in human periodontal disease), on the number of MG-63 cells in M phase of the 
cell cycle. Cells grown on glass coverslips were exposed to gapstatin for 24 h. 
The cells were fixed and then stained with haematoxylin to microscopically 
visualise relative cell and nuclear dimensions, and to determine the presence 
and proportions of metaphase figures [White et al. 1998]. For the current study, 
the effects of Ca-implantation of Ti on the number of MG-63 cells in mitosis were 
determined by microscopically identifying the metaphase figures, as previously 
described [White et al. 1998], and counting these M phase cells using digital 
image analysis.
5 .1.4 Rationale for the use o f hydroxyurea and colcemid
Cells growing in cultures are not all at the same stage of the cell cycle. 
Understanding the molecular and biochemical basis of cellular growth and
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division involves the investigation of regulatory events that most often occur in a 
cell-cycle phase-dependent fashion. To study cell cycle progression in vitro, it is 
essential to have cells that are growing in the same phase of the cell cycle 
[Davis et al. 2001].
The procedure by which cells are arrested in specific phases of the cell 
cycle is termed synchronisation. Cell synchronisation can be achieved by either 
exposure of cells to special conditions or their treatment with drugs, as 
illustrated in Figure 5.3. These procedures which cause growth arrest at a 
specific stage of the cell cycle are often completely reversible. Once cells are 
released from the block, they recover and proceed through the cell cycle in a 
relatively uniform manner [Paganol 995; Davis et al. 2001].
Serum or 
isoleucine 
starvation
Lovastatin Mimosine Hydroxyurea 
Thymidine 
Aphidicolin
Colcemid Nocadazole
Bleomycin 
Etoposide 
Adriamycin 
Ionizing radiation
GO G2G1
Cisplatin 
Bleomycin 
Ionizing radiation 
Adriamycin
Figure 5.3: An illustration of different conditions and chem icals that can be employed to induce 
synchronisation, causing growth arrest at a specific point in the cell cycle, adapted from 
[Pagano1995],
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In order to investigate the effects of Ca ion-implantation of Ti on bone cell 
cycle progression in a cell-cycle phase independent fashion, hydroxyurea (HU) 
and colcemid were used in the current study for the synchronisation of MG-63 
cell cultures. The following section explains the mode of action of these two 
drugs and the reason for their selection in this study.
HU is classified as a cytostatic drug. After exposure to this drug, cells are 
entrapped at the G1/S interface (Figure 5.3) [0rmerod2000]. HU exerts a direct 
effect on the synthesis of DNA by inhibiting ribonucleotide reductase, an enzyme 
which is responsible for the production of the deoxyribonucleotides (precursors 
required for DNA synthesis) [Lori and Lisziewicz 2000]. It was previously 
described by Maurer-Schultze et al that HU synchronises cells by influencing the 
passage of cells through the cell cycle, depending on the position of cells 
throughout the cell cycle. HU kills a great proportion of the cells accumulated in 
early S-phase, while G1-phase cells are almost not affected by the lethal effects 
of HU. These G1 -phase cells rapidly pass through the cycle after cessation of 
HU-induced growth arrest and a great proportion of all cells that survive HU 
treatment reach mitosis [Maurer-Schultze et al. 1988]. HU was used in the 
current study to synchronise MG-63 cell cultures. This was to ensure that all 
cells analysed were at the same stage of the cell cycle, and once released from 
HU-induced growth arrest would proceed into the cell cycle in a uniform manner, 
thus, allowing measurement of the effects of Ca ion-implantation of Ti in a cell 
cycle phase-independent fashion.
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Colcemid is a mitotic inhibitor which causes arrest of cells at metaphase 
(Figure 5.3). It exerts its effect by preventing assembly of the mitotic spindle and 
by interfering with microtubule stability, both of which are pre-requisites for cell 
division (Figure 5.2) [Rieder and Palazzo 1992]. It has been reported by 
Kranenburg et al that the treatment of Adenovirus-transformed cell cultures with 
cell cycle inhibitory drug colcemid resulted in an inability of these cells to divide, 
as they were trapped at metaphase [Kranenburg et al. 1996]. These authors 
labeled cells with BrdU and the percentage of BrdU-positive nuclei was 
determined by immunofluorescence. To analyse whether transformed cells 
would divide in the presence of colcemid, cell proliferation was measured by 
direct cell counting and by BrdU incorporation assay. Staining of the nuclei was 
carried out using Hoechst 33258 dye. Their results showed that the cells treated 
with colcemid continued to synthesize DNA but did not divide [Kranenburg et al. 
1996].
White et al investigated the effects of bacterial surface protein “gapstatin” 
on the control of human cell cycle. HU and colcemid were used in this study to 
achieve the synchronisation of cell cycle progression. They compared the DNA 
content of Pl-stained ceils exposed to HU, colcemid and gapstatin for 24 h. 
Results showed that like colcemid-treated cells, a majority of gingival fibroblasts 
and MG-63 cells exposed to gapstatin had 4n DNA content. However, 
microscopic examination of cells exposed to this bacterial fraction failed to 
reveal any metaphase figures, as mentioned above (section 5.1.3). Taken 
together, their observations suggested that gapstatin might have blocked the
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mammalian cells prior to M, probably in the G2 phase of the cell cycle [White et 
al. 1998]. For the current study, colcemid was used in conjunction with HU to 
achieve synchronization of MG-63 cell cycle progression. In order to trap cells 
which entered mitosis and to block their escape into the next cycle, HU- 
synchronised cells, once released, were simultaneously treated with colcemid. 
In addition, as colcemid blocks cells at metaphase, it was also used to identify 
and to microscopically quantify M cells based on their characteristic condensed 
metaphase nuclei (Figure 5.2), as previously described [White et al. 1998],
5.2 Materials and methods
5.2.1 Preparation of titanium discs
CpTi discs were polished on one face to a mirror finish, as detailed in 
Chapter 2, and Ca ions were implanted onto the surface of Ti discs at 3 different 
doses (Chapter 4).
5.2.2 Ceii culture
For all experiments, MG-63 cells were cultured on Ca-implanted Ti discs 
placed in 24 well plates (Beckton-Dickinson). Controls consisted of cells cultured 
on the non-implanted Ti discs, as described in previous chapters. With the aim 
of measuring possible changes in cell proliferation and cell-cycle progression, all 
cultures were initiated at a low cell density in order to ensure that they would 
subsequently be able to grow exponentially.
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5.2.3 Measurement o f cell growth by [3H] thymidine incorporation
The influence of 3 different levels of Ca ion-implantation of Ti on the 
proliferation of MG-63 cells was assessed by measuring DNA synthesis in the 
sub-confluent cultures using [3H] thymidine incorporation assay on 4 
consecutive days. To take into account differences in initial cell attachment 
which were observed between Ca-implanted and control Ti surfaces (Chapter 
3), the level of DNA synthesis at 24 h was used as the initial ‘time 0’ baseline 
value for calculating the number of cells present on each type of disc. Briefly, 
MG-63 cells were seeded on the surfaces of Ti (control), Ca (high)-Ti, Ca (med)- 
Ti and Ca (low)-Ti at a density of 1 x 103 cells/disc. At 24, 48, 72 and 96 h, cells 
were pulse-labelled with 1 pCi ml"1 of [3H] thymidine for 2 h and radioisotope 
counts were measured using liquid scintillation spectroscopy, as described 
earlier in Chapter 3.
5.2.4 immunostaining of the cell proliferation-associated Ki-67 antigen
To measure the effects of Ca implantation levels on the proportion of 
proliferating cells over a period of three days, Ki-67 staining was carried out as 
follows. MG63 cells were cultured on the surface of the Ti (control), Ca (high)-Ti, 
Ca (med)-Ti and Ca (low)-Ti discs, at an initial density of 1 x 103 cells/disc. After 
24, 48 and 72 h of incubation, the discs were washed with PBS and cells were 
detached from the surface using trypsin-EDTA (GIBCO Invitrogen). After 
washing with PBS, the cells were fixed with 1% PFA in PBS containing 0.1% v/v 
saponin for 30 min at RT. Saponin was used to permeabilise cell membranes in
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order to allow access of antibody to the nuclear Ki-67 antigen. Cells were then 
washed, centrifuged at 1100 rpm for 5 min and resuspended in wash buffer 
(PBS supplemented with 2% FCS, 0.05% sodium azide and 0.1% v/v saponin).
The cells were incubated for 60 min at RT with FITC-conjugated mouse 
anti-Ki-67 monoclonal antibody (mAb) (MCA289T) (Serotec), diluted 1:100 in 
wash buffer. lgG1-FITC mouse mAb (Dako) was used as the negative control. 
The cells were centrifuged, washed and resuspended in 500 pi of wash buffer. 
The fluorescence intensity of 1 x 104 individual cells/sample was measured 
using FCM, as described below, and the data analysed using WinMDI software 
(version 2.8) (http://facs.scripps.edu/software.html). The percentage of the total 
cell population positive for Ki-67 was equivalent to the proportion of proliferating 
cells.
5.2.5 DNA content and synchronisation o f MG-63 cell cultures
Cells in exponentially growing cultures are distributed through all of the 
phases of the cell cycle [Davis et al. 2001]. In order to determine the effects of 
Ca-Ti surfaces on the progression of the cells through each of the specific 
stages of the cell cycle, it was first necessary to obtain cultures in which all the 
cells were at the same stage. This was achieved by ‘synchronising’ MG-63 cell 
cultures with the cell cycle inhibitor HU [Lori and Lisziewicz 2000].
MG-63 cells were seeded into 3 replicate tissue culture flasks at a 
relatively low density (1 x 104 cells per 25 cm3 flask). Cells from the control 
culture (flask 1) were harvested after 18 h of cell incubation. After washing with 
PBS, cells were detached from the flask by trypsin-EDTA (G1BCO Invitrogen),
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centrifuged and washed again with PBS. They were then fixed using 1 ml of 
70% ethanol and stored at -20°C for 18 h. The harvested MG-63 cell pellets 
were washed in PBS and resuspended in 400 pi of wash buffer containing 0.1%  
saponin. To ensure that only DNA, but no RNA, was stained with the fluorescent 
intercalating dye PI, cell suspensions were first incubated with 1 pi of 
ribonuclease (RNase) (Sigma-Aldrich) (5 pg ml'1) at 37°C for 10 min and then 
were stained with 20 pi of PI (Sigma-Aldrich) (50 pgml'1) for 2 h at RT.
To obtain synchronised cultures, cells in the second flask were blocked at 
the G1/S boundary by adding HU (1 pM) for 18 h. HU was then removed by 
washing with warm PBS, the cells harvested and PI staining of this ‘arrested’ 
culture carried out as described above. In order to allow the blocked cells to 
progress through the cycle, the third flask was arrested with HU, then released 
by removing HU and re-incubated for 12 h in the presence of colcemid (0.1 pM). 
This drug was included because it is an inhibitor of M phase of the cell cycle, 
causing metaphase arrest by preventing assembly of the mitotic spindle and 
interfering with microtubule stability, both of which are pre-requisites for cell 
division [Davis et al. 2001]. Cells in this culture thus accumulate in M, do not 
divide and do not enter the next cell cycle. Their DNA content was also 
determined by PI staining and by FCM, as described below.
5.2.6 Measurement of S phase
To determine whether Ca-implantation of Ti modifies the time of re-entry 
and duration of HU-synchronised cells in the S phase of the cell cycle, BrdU
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(bromo-deoxyuridine; used as a marker of DNA synthesis) uptake was 
measured in conjunction with total DNA content at 2, 4, 6, 8, 10 and 12 h 
following release from growth arrest.
MG63 cells were seeded on the Ti (control) and Ca (high)-Ti surfaces at a 
density of 3 x 103 cells per disc. Replicate sets of 15 discs per sample were 
placed in 24-well tissue culture plates. 24 h after the initial seeding, the sub­
confluent cultures were incubated with 1 pM HU for 18 h, then washed with 
warm PBS to remove the HU. Fresh DMEM containing 0.1 pM colcemid was 
added to prevent possible ‘escape’ of dividing cells into the next cell cycle once 
they had progressed to M phase. After 15 min, cells on replicate sets of the 
discs were exposed to 1 pM BrdU for 2 h, then washed in PBS, detached from 
the control and Ca-Ti surfaces using trypsin-EDTA and fixed in 70% ethanol at - 
20°C for 18 h. This 2 h BrdU labelling procedure was repeated for replicate cells 
at 4, 6, 8 ,1 0  and 12 h following HU removal from the culture medium.
S phase (BrdU-containing) cells were detected using FITC-conjugated 
anti-BrdU antibody, which recognises the epitope only in single-stranded DNA 
[Paganol995]. Cell pellets were therefore harvested, washed with PBS and the 
DNA denatured by re-suspending the cells in 2 M HCI for 30 min at RT, with 
regular mixing. After washing twice with PBS, the cells were washed in PBS-T 
(PBS with 0.1% BSA and 0.2% of Tween 20, pH 7.4) and the cell pellets 
incubated with 2 pi of FITC-conjugated anti-BrdU antibody (1:100 dilution) for 1 
h at RT. After washing with PBS the cells were re-suspended in 400 pi of wash 
buffer, 1 pi of RNase (5pg ml'1) was added and the cells incubated at 37°C for
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10 min. The DNA was stained by adding 20 pi of PI (50 |jg ml'1) to the cells and 
incubating for 2 h at RT prior to FCM analysis, as described below.
5.2.7 Flow cytometry analysis
For each measurement of cell proliferation (Ki-67) and the cell cycle (BrdU + 
PI), data (1 x 104 single cell events) were collected using a FACS Scan flow 
cytometer (Becton-Dickinson). In cell proliferation experiments, FITC (FL1 
channel, green fluorescence) signals resulting from Ki-67-positive 
immunostaining were collected in the logarithmic mode. Similarly, for cell cycle 
analysis, positive immunostaining of the cells with FITC-conjugated BrdU 
antibody produced green fluorescence which was also collected in the 
logarithmic mode, while PI (FL3 channel, red fluorescence) was collected in the 
linear mode. Cell aggregates and doublets were excluded during data analysis, 
and net fluorescence levels for each antigen were calculated by subtracting the 
negative control values (i.e., cells treated with non specific IgG) from those 
obtained using the specific primary antibody. Since the fluorescent dyes used 
here have substantial spectral overlap [0rmerod2000], the compensation was 
adjusted so that the FITC-labelled cells (peak emission 520 nm) were detected 
only in the FLI channel and the Pl-labelled cells (peak emission 639 nm) only in 
the FL3 channel. The data were analyzed using WinMDI software (version 2.8).
5.2.8 Measurement o f mitotic figures
To determine whether Ca implantation of Ti affected the M phase of the 
cell cycle, the numbers of metaphase figures, i.e. mitotic cells showing
156
characteristic condensed nuclei (Figure 6.2), were quantified using phase 
contrast microscopy, as follows. MG-63 cells cultured on the Ti (control) and Ca 
(high)-Ti discs were synchronised using HU, released from G1/S arrest and re­
cultured in the presence of colcemid, as described above. The cells were 
harvested from the discs at 2, 4, 6, 8, 10 and 12 h after HU removal and fixed in 
70% ethanol at -20°C for 18 h. The fixed cells were washed with PBS and 5 pi 
were placed on poly l-lysine coated slides, air dried and stained with 
haematoxylin to visualise metaphase figures, as previously described [White et 
al. 1998]. A total of 250 cells were counted in 10 separate fields under a phase 
contrast microscope at a magnification of x 200. Based on the cell/nuclear 
dimensions, the mitotic cells were identified and their numbers were scored for 
both the Ti (control) and Ca-Ti surfaces using digital image analysis.
5.2.9 Statistical analysis
The SEM was determined for the results of all the experiments, which 
were conducted 3 times. Data were analysed by the Student’s f-test for paired 
samples using SPSS 11.0 software (SPSS). A p value of £ 0.05 was considered 
to be statistically significant.
5.3 Results
5.3.1 Effects o f calcium-implantation levels on MG-63 cell proliferation
The incorporation of [3H] thymidine by MG-63 cells cultured on Ti 
(control), Ca (high)-Ti, Ca (med)-Ti and Ca (low)-Ti discs was measured over a 
period of 4 consecutive days, as described in section 5.2.3.
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Figure 5.4: Growth of M G -63 cells on Ca (high)-Ti (■— ■), Ca (med)-Ti (A  A ) and Ca (low)-
Ti ( ♦ -  - ♦ )  discs measured at 48, 72 and 96 h after initial seeding. Relative changes in cell 
number were adjusted for differences in the numbers of cells which had originally attached to the 
different surfaces, which was measured 24 h after seeding, as described in the Materials and 
Methods. *The values shown are relative to the number of cells present on the Ti (control) discs, 
defined as 1.0 on each day indicated by the horizontal bar. Note the significantly increased 
number of bone cells on Ca (high)-Ti at 48, 72 and 96 h of incubation (p <. 0.05).
Figure 5.4 shows the proliferation of MG-63 cells on these Ca-Ti discs 
relative to the numbers of cells on Ti (control) surfaces after 48, 72 and 96 h of 
cell culture. Ca (high)-Ti surfaces seemed to have elicited a significant 
enhancement in the growth of cells compared with that on the Ti (control) discs 
(Figure 5.4). An initial burst (approximately 3-fold increase) in DNA synthesis 
was measured on Ca (high)-Ti discs from 24 (5x103cells) to 48 h (1.3x104) after 
cell culture (p = 0.02). This was followed by a gradual increase in [3H] thymidine 
uptake by cells on this particular surface, such that by 96 h of incubation a 4-fold
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increase in the number of cells cultured on Ca (high)-Ti discs was seen 
compared with the Ti (control) surfaces (p = 0.01). Although the numbers of cells 
measured each day on Ca (med)-Ti and Ca (low)-Ti were also greater than the 
control values (Figure 5.4), the differences were found not to be of statistical 
significance (p > 0.05).
5.3.2 Influence o f calcium ion-implantation on the proportion o f Ki-67
positive cells
The expression of the proliferation-associated Ki-67 antigen by MG-63 
cells cultured on the Ti (control), Ca (high)-Ti, Ca (med)-Ti and Ca (low)-Ti discs 
was determined on 3 consecutive days, as described in section 5.2.4. The 
results presented in Figure 5.5 show that there was a significantly higher 
percentage of Ki-67 positive cells on the Ca (high)-Ti discs at all times tested 
(52% ±1.8, 61% ±1.2 and 70% ±2.4 on days 1, 2 and 3 respectively) compared 
with those cultured on the Ti (control) discs (34% ±2, 44% ±3.5 and 50% ±1.2, 
respectively). Thus, compared with the control, implantation of high doses of Ca 
ions on Ti surfaces caused a statistically significant increase in the proliferation 
of osteoblast-like MG-63 cells (p = 0.02, 0.05  and 0.01 on days 1, 2 and 3, 
respectively). In contrast, both Ca (med)-Ti and Ca (low)-Ti surfaces failed to 
elicit any significant increase in the proportions of Ki-67 positive cells, which 
were determined each day, in comparison with the control (Figure 5.5) (p > 
0.05). For these reasons, Ca (med)-Ti and Ca (low)-Ti surfaces were not
159
included in the experiments conducted to examine the effects of Ca ion- 
implantation of Ti on the specific phases of the cell cycle.
1 2 3
Incubation period (days)
Figure 5.5: The proportion of cells positive for Ki-67 antigen after growth on Ti (control), Ca 
(high)-Ti, Ca (med)-Ti and Ca (low)-Ti surfaces measured on 3 consecutive days. Error bars 
show SEM from 3 replicate experiments. Note the significantly higher percentage of cycling cells 
each day on Ca (high)-Ti compared with the substantially lower proportions on Ti (control), as 
denoted by the asterisk (p <0.05).
5.3.3 Synchronisation of MG-63 ceils by hydroxyurea and colcemid
The ability of HU and colcemid to synchronize MG63 cell cultures was 
examined by measuring the DNA content of replicate untreated control and 
drug-treated cultures. The results in Figure 5.6 (A) shows that in exponentially 
growing control cultures there are two main peaks, the left peak representing 
60% of the total cells which have a 2n DNA content (124 AFI units), while the
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Figure 5.6: FCM analysis of Pl-stained M G-63 cells showing the DNA content of control 
(untreated) (A), HU treated (B) and colcemid treated (C) cultures. Note two prominent peaks of 
cells with 2n and 4n levels of DNA in control cultures, while most of the cells in (B) and (C) 
primarily had either 2n or 4n DNA content, respectively.
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right peak comprises 28% of the total cells which are in the G2/M phase of the - 
63 cell cell cycle (having a DNA content of 4n). S phase cells were therefore 
calculated to comprise approximately 12% of the population. However, 
treatment of the MG-63 cells with HU was found to have effectively 
synchronised them, as 86% were found to have 2n DNA and 14% were in G2/M, 
with no cells calculated to be in S phase (Figure. 5.6 (B)). The removal of HU 
and re-culture for 12 h in the presence of colcemid resulted in the progression of 
the majority of the cells (72%) into G2/M, with only 14% remaining in G0/G1 and 
14% still in S phase (Figure 5.6 (C)). These findings confirm that HU can be 
used to achieve synchronisation of MGcultures and further, that treatment with 
colcemid arrests them at 4n and largely prevents their ‘escape’ into the next cell 
cycle.
5.3.4 Influence o f calcium-implantatlon on cell cycle progression
To measure the effects of Ca (high)-Ti surfaces on the movement of cells 
through the different phases of the cell cycle, changes in DNA synthesis were 
assessed in conjunction with changes in DNA content at different time points 
after cessation of HU-induced growth arrest. MG63 cells cultured on the Ti 
(control) and Ca (high)-Ti discs were released from HU arrest and harvested 
after 2, 4, 6, 8, 10 and 12 h, then double-stained with PI and BrdU-FITC. Figure
5.7 (A) shows that at 2 h following cessation of HU-induced growth arrest, 72%  
of the Ti (control) cells were still in the G0/G1 phase but only 36% of the Ca-Ti 
cells had a 2n DNA level. Moreover, this relatively low proportion of G0/G1 cells 
on the Ca (high)-Ti discs was accompanied by a significantly elevated proportion
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Figure 5.7: Progression of cells through different phases of the cell cycle in response to Ca ion- 
implantation o f Ti. MG-63 cells were incubated on Ti (control) discs (grey bars) and Ca (high)-Ti 
surfaces (black bars). Data are presented as the percentage of total cells measured by FCM at 
each time point after the removal of HU and show a summary of three replicate experiments 
(error bars indicate average values ± SEM). Significant differences, between Ti (control) and Ca- 
Ti surfaces, in the proportion of cells accumulating in G0/G1 (A), S (B) and G2/M (C) phases of 
cell cycle are indicated by asterisks (p £ 0.05).
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of cells which had progressed into S phase (BrdU-positive) on this surface at 
this early time (63% compared with only 25% on the Ti control surface (Figure
5.7 (B)). By 4 h, whereas nearly half of the cells on the Ti (control) were still in 
G0/G1 and 45% had progressed to the S phase, on the Ca (high)-Ti surfaces 
89% of the cells were actively synthesising DNA. None of the Ti surfaces 
appeared to have G2/M cells at 2, 4 or 6 h after HU removal (Figure 5.7).
At 6 h there were no significant differences between the 2 types of Ti 
surface (Figure 5.7), but by 8 h there was a marked reduction in the proportion 
of S cells and a very significant increase in the proportion of G2/M cells in the 
Ca (high)-Ti cultures (to approximately 50% of the total cells (Figure 5.7 (C)). At 
this time few if any G2/M cells could be identified in the Ti control cultures. The 
apparent rapid progression of cells on the Ca (high)-Ti discs from the S to G2/M  
phase continued at 10 h, at which time nearly 70% had a 4n DNA level 
compared with only less than 10% of the control Ti cells. By 12 h, the majority of 
the cells on the control surface was also found to be in G2/M (Figure 5.7 (C)).
5.3.5 Effects o f calcium implantation on formation o f mitotic figures
In order to identify M cells specifically, since both these and G2 cells have 
a 4n DNA content, the numbers of mitotic cells were microscopically quantified. 
The representative phase contrast micrographs in Figure 5.8 show that 8 h after 
HU removal, the Ca (high)-Ti surfaces contain a relatively high proportion of 
large rounded cells with condensed chromosomes compared with the Ti 
(control) cultures, in which few if any of these mitotic cells were observed. 
Analysis of the changes in numbers of M cells following release from HU-
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induced growth arrest in the presence of colcemid is summarised in Table 5.1, 
and shows that there was a statistically significant increase in the proportion of 
mitotic cells on the Ca (high)-Ti surfaces compared with the Ti (control) discs at 
8, 10 and 12 h (p = 0.01, 0.03 and 0.01, respectively) following HU removal. At 8 
h after cessation of HU-induced growth arrest only 1% of cells on the control 
surfaces were identified as mitotic in comparison with a noticeable 36% on the 
Ca (high)-Ti discs (Table 5.1).
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Figure 5.8: Effects of Ca (high) implantation of Ti on mitotic counts of colcemid treated MG-63 
cells 8 h after HU removal. Cells trapped in metaphase were stained with haematoxylin and 
visualised by phase contrast microscope at a magnification of x 400. Mitotic figures were not 
detected among the cells from Ti (control) surfaces at this time point. In contrast, a greater 
proportion of cells in metaphase arrest (indicated by arrows) were seen for Ca (high)-Ti. Note 
that the nuclei in these cells appear to be larger than those in cultures from control discs.
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Table 5.1: Effects of Ca (high)-implantation of Ti on mitotic counts
Number of mitotic figures % of total cells counted
Time after HU 
removal (h)
Ti (control) Ca (high)-Ti Ti (control) Ca (high)-Ti
2 0 2 0% 0%
4 1 4 0% 1%
6 2 20 0% 8%
8 4 89 1% 36%*
10 13 144 5% 58%*
12 66 159 27% 64%*
A total of 250 cells from 10 random fields of phase contrast micrographs were counted at each 
time point, as described in Materials and Methods. Statistically significant differences at 8, 10 
and 12 h are denoted by asterisks (p £ 0.05).
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5.4 Discussion
5.4.1 Influence o f calcium implantation levels on MG-63 cell proliferation
Experiments presented in this chapter measured the effects of different 
levels of Ca ion-implantation on cell proliferation. The results demonstrated that 
both the change in the number of [3H] thymidine labelled cells and the proportion 
of Ki-67 positive (non-G0/G1 cycling) cells were enhanced on Ca ion-implanted 
surfaces compared with the Ti (control) discs. However, this response was 
dependent on the dose at which Ca ions were implanted on the surfaces of Ti 
discs. While the proliferation of bone-like cells on Ca (high)-Ti surfaces was 
significantly elevated over a period of 3-4 days, the same increase was not 
observed on the Ca (med)-Ti and/or Ca (low)-Ti surfaces, which remained very 
similar to the control levels.
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Although expression levels of cell proliferation-associated Ki-67 antigen 
have previously been shown to be affected by the nature of the substrate [Van 
Kooten et al. 2000], the current study is the first to establish that the Ca ion- 
implantation of Ti enhanced the proportion of Ki-67 positive cells in vitro. Van 
Kooten et al cultured human umbilical vein endothelial cells in direct contact of 
Ti, NiCr alloy, and CoCr alloy discs and assessed expression of Ki-67 antigen by 
these cells using immunofluorescence and FCM after 48 and 72 h of incubation. 
Differences in the expression patterns of Ki-67 antigen by endothelial cells were 
observed between substrates and at different periods of incubations [Van 
Kooten et al. 2000].
Cells derive Ca ions from both internal and external sources. Ca ions can 
act within milliseconds in highly localized regions [Berridge et al. 1995; 
Berridge1998; Berridge2001]. Previous studies measured the release of Ca ions 
from Ti discs implanted with 1 x 1017 Ca ions cm'2, into nitric acid solutions and 
phosphate citric acid buffers [Hanawa et al. 1996a; Hanawa et al. 1996b]. The 
findings of the experiments conducted by the Biomatrials group also confirmed 
the release of Ca ions from Ca (high)-Ti surfaces in water using ion- 
chromatography (Appendix A). After 2 min immersion at 37°C in 1 ml water; Ca 
ion concentrations of 0.13 (± 0.09) ppm were detected, compared to control 
values of 0.07 (± 0.07). After 4 h immersion, the Ca concentration had increased 
to 1.27 (± 0.18) ppm. The reactivity of Ca-implanted surfaces was also 
examined by XPS. The results showed that after 24 h immersion in water at 
37°C, the Ca/Ti ratio was reduced to around a third of its original value
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(Appendix A). It is noteworthy that the levels of Ca detected were very much 
lower than the levels present in simulated biofluids such as HBSS (66 ppm) and 
DMEM (95 ppm) (Appendix A). Nevertheless, concurrent with the previous 
findings of Ca ion dose-dependence of cell adhesion (Chapter 4), the present 
results of the effects of different levels of Ca ion-implantation on cell proliferation 
in vitro indicate that the quantities of Ca ions released only from the Ca (high)-Ti 
surfaces but not from Ca (med)-Ti or Ca (low)-Ti, might have been biologically 
beneficial. This hypothesis was further strengthened by the findings of a 
previous in vivo study which reported that the early bone formation around Ti 
implanted with 1 x 1017 Ca ions cm'2 was favoured by the local microdissolution 
of Ca ions [Hanawa et al. 1997].
Cells are guided by physical and chemical signals received from their 
environments. Integrins act as signalling receptors and transmit growth 
regulatory signals from the ECM to the cell [Hynes2002; Hynes1992; Juliano 
and Haskill 1993]. Integrin-mediated cell anchorage to the ECM activates 
downstream cell-signalling pathways, in particular, a5p1 is central to regulating 
the downstream events such as cell-cycle progression and cell growth. [Vogel 
and Baneyx 2003; Varner et al. 1995; Roovers et al. 1999]. Since Ca (high)-Ti 
surface caused an up-regulation of a5p1 integrin expression by osteoblast-like 
cells (Chapter 4), it can be speculated that the enhanced proportion of cycling 
Ki-67-positive cells and the increased DNA synthesis found on Ca (high)-Ti 
discs in the current study, may have been triggered specifically via a 5 p i-  
mediated cell-signalling pathway. Varner et al previously reported that the
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binding of a5p1 integrin receptor in HT29 colon carcinoma cells to a fibronectin 
substratum activated a signalling pathway which lead to proliferation of these 
transformed cells [Varner et al. 1995]. A previous study suggested that integrin 
a5pi mediates fibronectin-induced epithelial cell proliferation through activation 
of the epidermal growth factor receptor (EGFR). Human integrin a5 was 
transfected into the integrin a5p1-negative intestinal epithelial cell line Caco-2 to 
study EGFR and integrin a5p1 signalling interactions involved in epithelial cell 
proliferation. Their results showed that EGFR kinase activity was necessary for 
integrin a5pi-m ediated cell proliferation. EGFR activation occurred when either 
the integrin a5-transfected or control cells were cultured on fibronectin. They 
concluded that a coordinated input from both growth factor receptors and 
integrins is necessary for cell proliferation [Kuwada and Li 2000]. Thus the 
enhanced cell proliferation seen here on the Ca (high)-Ti surfaces may have 
been triggered, at least partly, due to the a5pi-mediated intracellular signalling 
pathways.
5.4.2 Effects o f calcium-implantation on cell cycle progression
To elucidate the possible mechanisms that could mediate enhanced cell 
proliferation on Ca (high)-Ti discs, analysis of the cell cycle was carried out. 
Results of the current study show that the synchronised MG-63 cells cultured on 
the Ca (high)-Ti surfaces and released from HU-induced cell cycle arrest at the 
G1/S boundary were found to progress significantly more rapidly from G0/G1 
into S phase, and from S phase in G2/M compared with cells which had been
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cultured on the non-implanted Ti discs. In addition, Ca ion-implantation of Ti also 
induced a significantly more rapid increase in the proportion of mitotic cells.
The results presented in this chapter also show that a greater proportion of 
synchronised MG-63 cells present on the Ca-Ti surfaces progressed out of 
G0/G1 and entered the S phase as early as 2 h after the removal of HU. In 
contrast to this apparent Ca implantation-induced acceleration, MG-63 cells on 
the non-implanted Ti re-entered the cell cycle much more slowly, possibly 
because they may have been blocked at some point prior to or at the G1/S 
transition. Notably, a previous study of the effects of orthopaedic cements on 
MG63 cells showed that their effect was also mediated via initiation of the 
replication cycle [Granchi et al. 1995a, Granchi et al. 1995b]. Granchi et al 
investigated the effects of orthopaedic implant materials on the progression of 
MG-63 cells through different phases of the cell cycle by measuring BrdU 
incorporation in conjunction with PI staining [Granchi et al. 1995a]. Five different 
cements were mixed and extracted at different time intervals. Cell cycle phases 
of MG63 cells were evaluated at 24, 48 and 72 h by FCM; the DNA content was 
assessed using PI uptake and the percentage of cells in the S phase was 
determined using BrdU uptake. The cements examined in this study were shown 
to have inhibited cell proliferation and the MG-63 cells exposed to the most toxic 
cements had more difficulties in starting their replication cycle [Granchi et al., 
1995a]. Similarly, when Lopes et al studied the effects of HA and P2O5 glass- 
reinforced HA composite on the progression of MG-63 cell cycle, a statistically 
significant reduction in the proportion of S phase cells on the glass-reinforced 
HA composite discs was observed. FCM profiles were obtained for the DNA
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content of Pl-stained cells 36 h after plating on these substrates. Compared with 
both the control (cells grown on polystyrene culture dishes) and HA, a greater 
proportion of MG-63 cells on glass-reinforced HA composite discs accumulated 
in the G0/G1 of the cell cycle. It was suggested that the glass-reinforced HA 
composite might have caused some inhibition of cell cycle progression, possibly 
by delaying the entry of G0/G1 cells into the S phase [Lopes et al. 1998].
In order to pursue an ordered series of molecular events, the initiation of 
an event during cell cycle progression is dependent on the successful 
completion of an earlier event. Transition of cells from G1 to S phase is 
considered to be the most critical step in the control of cell proliferation. It is 
during the G1 phase that the cell integrates mitogenic and growth inhibitory 
signals and makes the decision to proceed, pause, or exit the cell cycle [Norbury 
and Nurse, 1992]. Although the precise mechanisms are not known, delayed 
movement of MG-63 cells cultured on Ti (control) surfaces could be due to 
down-regulation of some of the important proteins required for transition from G1 
to S phase. The overall process of the control of progression through decision 
points of the cell cycle is very complicated and involves coordinated regulation 
of the multiple biochemical pathways. Cyclins were identified as key 
components providing the primary means of cell cycle regulation [Murray, 2004]. 
These proteins whose accumulation and degradation oscillated during the cell 
cycle, were first identified in marine invertebrates [Rosenthal et al. 1980].
Mammalian cells contain multiple cyclins which bind with cyclin- 
dependent kinases (cdks) to regulate the cell cycle progression. Cdk activities 
are regulated by cyclin binding and phosphorylation of a tumour suppressor
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retinoblastoma protein (pRb). As cells progress through G1, cyclin D/cdk4 
complexes once activated, phosphorylate pRb. Next, cyclin E/cdk2 complexes 
are formed and phosphorylate pRb in a sequential manner. The 
hyperphosphorylation of pRb enables the activity of E2F transcription factors, 
which, in turn, regulate the expression of numerous proteins required for S 
phase progression. As cells enter S phase, cyclin A/cdk2 becomes activated 
and remains activated into G2 phase. In late G2, cyclin B/cdk1 (cdkl in higher 
eukaryotes and cdc2 in yeasts) is activated, allowing entry into mitosis. Specific 
cdk inhibitors (CKI) proteins have been identified which associate with cdk or 
cyclin/cdk complex to prevent activation. The two classes of CKI are the p21/p27 
family, whose members associate with both cdk2 and cdk4, and the p 15/p 16 
family, whose members associate with only cdk4/cdk6 [Norbury and Nurse 
1992; Johnson and Walker 1999; Murray2004; Zhu et al. 1996; Jackman et al. 
2003].
The sequential synthesis, activation, and subsequent inactivation of 
cyclin/cdk complexes govern transitions during the cell cycle phases. Cyclin E is 
a positive regulator of the G1 to S phase transition of the cell cycle. In complex 
with cdk2 it is responsible for committing the cell to another round of cell division 
[Wingate et al. 2003]. A previous study demonstrated the significance of cyclin 
E-cdk2 complex in the regulation of G1 phase in the MG-63 cells [Merli et al. 
1999]. These authors investigated the role of cyclin E, cyclin D1, cdk2, cdk4, 
phosphorylation of pRb, and cell cycle inhibitors p21 in the cell cycle progression 
of MG-63 cells. To detect expression levels of these proteins MG-63 cells were 
treated with tumor necrosis factor-alpha (TNF-alpha) and interleukin-6 (IL-6).
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Cell proliferation analysis demonstrated an increased proliferation of MG-63 
cells with IL-6, while TNF-alpha acted as an anti-proliferative agent. Using 
immunoblotting technique, they showed an increased expression of p21 with 
TNF-alpha and its complex with cdk2. Although TNF-alpha reduced the 
expression of the cyclin E/cdk2 complex, it did not affect the amount of cyclin 
D1, cyclin E, cdk4, cdk2, and of cyclin D1-cdk4 complex. Treatment with IL-6 
decreased p21 expression and its complex with cdk2, while it increased the 
expression of cyclin E/cdk2 complex, cyclin D1 and cdk4 expression and their 
complex did not change on exposure of MG-63 cell cultures to IL-6. Moreover, 
hyperphosphorylated/dephosphorylated pRb protein ratio was reduced with 
TNF-alpha, whereas it increased with IL-6. Based on these findings Merli et al 
suggested that cyclin E-cdk2 complex and p21 play an important role in the G1 
phase regulation of MG-63 cells through pRb phosphorylation [Merli et al. 1999]. 
Therefore, it can be speculated that, in the current study, the Ca (high)-Ti 
surfaces might have increased the cell cycle progression by affecting the 
transition of HU-synchronised MG-63 cells from G1 to S phase possibly via 
increasing the activity of cyclin E/cdk2 complex as a result of pRb 
phosphorylation or by down-regulating the expression of cell cycle inhibitor p21.
5.4.3 Influence of calcium-implantation o f titanium on mitosis
By using colcemid and counting mitotic figures it was possible to separate 
the M phase specifically from the G2+M, the results showing that although the 
Ca-Ti surfaces had no effect on the proportion of 4n DNA cells, there was 
nevertheless a significantly greater proportion of mitotic cells present on this
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surface compared with the Ti (control) discs. Thus, at 12 h after release from 
HU-induced growth arrest, the majority of cells on the Ca-Ti surface had already 
progressed from the G2 to M phase, whereas the majority of 4n cells seen on 
the Ti (control) discs were still in G2. Ca implantation of Ti therefore not only 
enhanced the transition of the MG-63 cells from G1 to S, but also appears to 
have prompted a more rapid progression from the G2 to M phase of the cell 
cycle.
Although not yet completely understood, the sequence of events that 
constitutes the cell cycle is carefully regulated. A part of this regulation depends 
upon the ubiquitous Ca signalling system. Ca, an intracellular second 
messenger, is known to be a growth-regulating divalent cation [Berridge et al. 
1995; Berridge1998; Berridge2001]. Regulation of the cell cycle by Ca ions has 
been extensively reviewed in the past [Kahl and Means 2003; Means1994; Lu 
and Means 1993; Takuwa et al. 1995]. While the precise role of the Ca 
implanted into Ti remains unclear, this ion, and its ubiquitous intracellular 
receptor calmodulin, is well known to be a major growth-regulating molecule 
[Berridge et al. 1998; Berridge1995; Berridge2001] to have a fundamental role in 
cell cycle control [Kahl and Means 2003; Means1994; Lu and Means 1993; 
Takuwa et al. 1995], with the Ca-calmodulin complex generating a cascade of 
events which activates the immediate early genes responsible for inducing 
resting GO cells to re-enter the cell cycle [Kahl and Means 2003] and also 
promoting the initiation of DNA synthesis at the G1/S transition [Means1994]. 
Additionally, the G2/M and metaphase/anaphase transitions in M phase are 
known to be sensitive to the concentration of both calmodulin and Ca ions [Kahl
174
and Means 2003; Means1994; Lu and Means 1993; Takuwa et al. 1995]. To 
address the underlying molecular mechanisms by which Ca/calmodulin 
regulated cell cycle progression, Lu and Means used single-celled eukaryotic 
organism such as Asperigillus nidulans [Lu and Means, 1993]. Using this 
system, these authors demonstrated that Ca and calmodulin are selectively 
required for the activation of two mitotic protein kinases cdk1(cdc2) and NIMA, 
during the G2 to M transition in A. nidulans [Lu and Means, 1993]. It is thus 
possible that the presence of Ca ions at the Ti surface may be an important 
factor in activation of the cyclin B/cdk1 complex, and hence the apparently brisk 
progression of the MG-63 cells from G2 to M phase of the cell cycle.
5.5 Conclusions
• Ca ion-implantation of Ti surfaces affected the proliferative activity of the 
cultured osteoblast-like cells in a dose-dependent manner.
• The proportion of cycling cells which were actively synthesising DNA was 
markedly enhanced on the Ca (high)-Ti surfaces compared with the Ti 
(control) discs.
• Synchronised MG-63 cells cultured on the Ca (high)-Ti surfaces 
progressed through G0/G1, S and G2/M phases of the cell cycle more 
rapidly than those on the control discs.
•  Ca (high) implantation of Ti induced a significant increase in the 
proportion of actively dividing mitotic cells.
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Chapter 6
Effects of Calcium lon-lmplantation of Titanium 
on MG-63 Cell Function
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6.0 Introduction
Bone is a complex tissue consisting of mineral and cellular phases. 
Osteoblasts are the cuboidal, basophilic cells found on the bone surfaces with 
eccentric nuclei, large Golgi complex, abundant mitochondria and extensive 
endoplasmic reticulum studded with ribosomes [Aubin2001]. These features are 
the hallmarks of a cell with considerable capability for synthesising protein and 
this is reflected in the wide range of products formed by the osteoblasts 
[Mackie2003].
Previous studies have shown that, following proliferation, osteoblasts 
differentiate and secrete a complex array of extracellular matrix (ECM) 
components which subsequently mineralizes to form mature calcified bone 
[Friedenstein et al. 1987; Mackie2003]. Osteoblasts contribute to the process of 
mineralization (deposition of HA crystals) through the provision of certain ECM 
proteins. The ECM itself also exerts a profound effect on cell function [Locci et 
al., 1997], including on the production of essential bone-associated constituents 
such as alkaline phosphatase (ALP), bone sialoprotein (BSP), osteonectin (ON), 
osteopontin (OPN) and growth factors (for example, bone morphogenetic 
protein, BMP) [Boskey1989; Denhardt and Guo 1993; Mundy1995; Suzawa et 
al. 1999]. Evaluation of such osteogenic ‘markers’ can thus be used to gain 
valuable information about the potential biocompatibility of new or modified 
implant materials in vivo [Kirkpatrick et al. 1997], and the experiments presented 
in this chapter have therefore evaluated the effects of Ca ion-implantation of Ti 
on the expression of these key bone components by osteoblast-like MG-63 cells 
in vitro.
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6.1 Background 
6.1.1. Alkaline phosphatase
ALP is an enzyme which regulates phosphate metabolism. It is expressed 
during the post-proliferative period. Osteoblasts have high levels of this 
membrane-bound enzyme, which is also a receptor for tissue-specific 
hormones, such as parathyroid hormone, as well as cytokines, other hormones 
and growth factors, which regulate bone growth, differentiation and metabolism 
[Rodan and Noda 1991]. ALP plays a role in matrix mineralization There is good 
evidence from experimental manipulation in vitro and from ALP mutations 
leading to hypophosphatasia (a rare inheritable disorder characterised by 
defective bone mineralization due to deficiency of ALP activity) in man, that ALP 
is involved in the bone mineralization process [Aubin2001]. ALP affects 
progressive differentiation of pre-osteoblasts into mature osteoblasts [Aronow et 
al., 1990;Mackie, 2003] and is therefore extensively used as a marker of bone 
differentiation in vitro [Boyan et al. 1998; Lincks et al. 1998; Martin et al. 1995; 
Montanero et al. 2002]. By forcing expression of ALP by transfection of a variety 
of cell lines, it has been suggested that this molecule regulates cell proliferation, 
migration and differentiation, and thus can also be used as an osteogenic 
marker of these transformed cells [Hui et al. 1996].
It has been shown previously that the micro-topographical differences of 
Ti surfaces markedly influence ALP specific activity in osteoblast-like MG-63 
cells [Boyan et al. 1998; Lincks et al. 1998; Martin et al. 1995; Montanero et al. 
2002]. Boyan et al cultured MG63 cells on Ti surfaces roughened via acid
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etching, sand-blasting or plasma-spraying with Ti particles, and the cellular 
responses measured were compared with the control standard tissue culture 
polystyrene [Boyan et al. 1998]. These authors reported that the ALP activity 
was affected by Ti surface roughness; as the surface became rougher, the MG- 
63 cells showed a significant increase in ALP activity [Boyan et al. 1998].
Another study determined the effect of chemical composition and surface 
roughness of cpTi and Ti-6AI-4V (Ti-A) on MG63 cells. Ti discs were machined 
and either fine-polished or wet-ground, resulting in smooth (S) and rough (R) 
finishes, respectively [Lincks et al. 1998]. Standard tissue culture plastic was 
used as a control. The effects on ALP specific activity were evaluated 24 h post­
confluence. When compared to plastic, the stimulatory effect of surface 
roughness on ALP specific activity was more pronounced on the rougher 
surfaces, with enzyme activity on Ti-R being greater than on Ti-A-R. Lincks et al. 
1998 further reported that the surface composition of Ti discs also played a role 
in cell differentiation, since cells cultured on Ti-R surfaces had more ALP 
specific activity than those cultured on Ti-A-R [Lincks et al. 1998]. In another 
study, MG63 osteoblast-like cells were seeded onto two fluorohydroxyapatite 
(FHA)-coated Ti6AI4V materials differing in roughness [LR-FHA (Ra = 5.6 
microm) and HR-FHA (Ra = 21.2 microm) [Montanero et al. 2002]. Their results 
established that both types of coatings caused a significant increase in ALP 
activity with respect to the control, and that the roughest surfaces exhibited a 
more prolonged effect [Montanero et al. 2002].
It was reported that when cells, derived from the same patient, were 
grown on Ti discs, they responded even to small differences in the material
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surface chemistry and/or microcrystallinity [Zreiqat and Howlett 1999]. These 
authors investigated the influence of cpTi and Ti-6AI-4V on the expression of 
osteoblastic proteins such as ALP, thrombospondin, OPN, OC, ON, Col I and 
BSP by HBDCs grown for 5, 7, 10, and 14 days. At the four predetermined time 
points, cells grown on either cpTi or Ti-6AI-4V generally expressed similar 
mRNA levels, while levels of their respective proteins, measured using a 
quantitative immunohistochemistry assay, differed. Cells on cpTi had peak 
levels for most proteins at day 7, and those on Ti-6AI-4V peaked at either day 5 
and/or day 7. At day 5, cells grown on Ti-6AI-4V had higher levels of ALP, Col I, 
ON, OC, and BSP than those in cpTi [Zreiqat and Howlett 1999].
Changing the surface chemistry of cpTi discs by the ion-implantation 
process has been reported to have no effect on the specific activity of ALP 
[Krupa et al. 2001a; Krupa et al. 2002]. Krupa et al measured the ALP activity 
after 8 days of exposure of human osteoblasts to the Ti samples. The 
differences in the enzymatic activity of ALP by HBDC cultured on Ca- and/or P 
ion-implanted Ti discs compared to the non-implanted Ti were found to be of no 
statistical significance [Krupa et al. 2001a; Krupa et al. 2002]. In contrast to the 
approach of Krupa et al, the effects of Ca-Ti surfaces on the expression levels of 
ALP were measured in the current study. Thus instead of measuring ALP 
specific activity, as a marker of bone differentiation, its expression by osteoblast­
like MG-63 cells was determined in order to investigate the influence of Ca-Ti 
surfaces on bone cell function in vitro, as previously described [Zreiqat and 
Howlett 1999].
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6.1.2 Bone morphogenetic protein receptor
Growth factors are naturally occurring biological mediators that may act 
locally or systemically to affect the growth and function of the cells. Osteoblasts 
are known to produce a variety of the growth factors such as insulin-like growth 
factors I and II (IGF-I, IGF-II) transforming growth factor (TG F-pi, TGF-p2), 
platelet-derived growth factor and basic and acidic fibroblast growth factor. 
These growth factors secreted by bone cells have acute effects on their 
neighbouring osteoblastic cells (paracrine action) or on themselves (autocrine 
action) [Baylink et al. 1993; Mohan and Baylink 1991; Mundy1995].
Bone morphogenetic protein (BMP), named for their ability to induce the 
formation of bone [Uristl965; Wozney et al. 1988], belong to a large family of 
structurally related growth factors called TGF-p superfamily. Over 20 BMP family 
members have been identified to date. BMPs stimulate osteoblast proliferation 
differentiation and also the production of ECM [Ten et al. 2003]. Like other 
members of TGF-p family, BMPs exert their effects through serine/threonine 
kinase receptors which are expressed on the target cells. Binding of BMPs with 
their receptors results in the activation of intracellular signalling pathways which 
control the cell function. Three kinds of type I and type II BMP receptors (BMPR) 
have been identified. Activin receptor-like kinase-2 (ALK-2), BMP type IA 
receptor (BMPR-IA) and BMPR-IB/ALK-6 are the three BMP type I receptors, 
while, type II receptors include BMPR-II, activin type II receptor (ActR-ll) and 
ActR-IIB. [Ten et al. 2003; Chen et al. 2004]
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Shah et al previously reported that BMP-2 treatment of osteoblastic cells, 
for 12 h prior to plating on Ti-6AI-4V, affected bone cell growth and function in 
vitro. Using confocal microscopy, these authors demonstrated that cytoskeletal 
and ECM organization, expression of FN and of a5 and p i integrin, and the 
levels and phosphorylation of focal adhesion kinase (p125FAK), were 
significantly enhanced in the BMP-2 treated osteoblasts compared with the 
untreated control cells cultured on the Ti surfaces [Shah et al. 1999b]. In view of 
these results, the current study assessed the effects of Ca ion-implantation of Ti 
on the expression levels of BMPR-IB, a known receptor of BMP-2 [Yoshikawa et 
al. 2004; Nohe et al. 2004], previously detected in three osteosarcoma cell lines 
[Guo et al. 1999], by MG-63 cells in vitro.
6.1.3 Bone sialoprotein
BSP, initially isolated from bovine bone tissue by Herring et al in 1972, 
was eventually characterised in 1983 [Fisher et al. 1983; Herring 1972]. It is a 
phosphorylated protein which is rich in acidic amino acids and contains the RGD 
cell-attachment sequence. BSP belongs to the small integrin-binding ligand A/- 
linked glycoprotein (SIBLING) family of proteins which also includes OPN. 
However, unlike OPN, the tissue distribution of BSP is restricted exclusively to 
mineralized tissue including bone, dentin, mineralizing cartilage and cementum 
[Qin et al. 2004]. BSP was found at the sites of bone formation and has been 
shown to play a central role in the mineralization process of bone and dentine 
[Hunter et al. 1996; Mackie2003].
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MacNeil et al conducted experiments to determine the role of BSP in 
tooth root formation. Developing murine molar tooth germs at sequential stages 
of development (developmental days 21-42) were analyzed using 
immunohistochemical and in situ hybridization techniques. These authors 
showed that BSP was localized to alveolar bone and odontoblasts early in 
development, and to the cemental root surface at latter periods. In situ 
hybridization confirmed that cells lining the root surface express BSP. It was 
suggested that this protein is involved in cementoblast differentiation and/or 
early mineralization of the cementum matrix [MacNeil et al. 1995]. Similarly, 
another study localized BSP during de novo mineralization by single and double 
immuno-histochemistry. Since BSP was found to be expressed prior to the 
mineralization, it was suggested that this specific ECM protein is necessary for 
the initiation of bone mineralization process [Roach1994].
Previously the effects of chemically modifying Ti-6AI-4V surfaces with a 
common RGD sequence, a 15-residue peptide containing GRGDSP (glycine- 
arginine-glycine-aspartate-serine-proline), on the expression of BSP protein 
were examined [Zreiqat et al. 2003]. Human bone derived cells were grown for 7 
and 14 days on the chemically-modified Ti surfaces. BSP levels were reported 
to be significantly higher in HBDC cultured for 7 days on RGD-modified Ti 
surfaces compared with the production by HBDC grown on the native Ti-6AI-4V 
[Zreiqat et al. 2003]. In view of these findings, the experiments presented in the 
current chapter selected BSP, an important bone specific antigen, to examine 
whether changing surface chemistry of Ti discs by Ca ion-implantation would 
have any effect on bone cell function in vitro.
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6.1.4 Osteonectin
ON is also known as SPARC (secreted protein acidic rich in cyteine). In 
bone, ON is one of the most abundant non-collagenous matrix protein [Lackie 
and Dow, 2000;Hunter et al., 1996]. It is an important glycoprotein that is 
expressed in the remodelling tissue such as bone, gut mucosa, and healing 
wounds, and is necessary for normal development [Brekken and Sage 2001]. In 
adult, the expression of ON is limited largely to tissues undergoing repair or 
remodelling due to wound healing, disease, or natural processes. It is involved 
in the regulation of important physiological processes (e.g. angiogenesis, cell 
proliferation, and cell migration) that entail the modulation of cell-ECM and cell- 
growth factor interaction [Brekken and Sage 2001]. ON has been shown to 
affect bone mineralization process both in vivo and in vitro [Muriel et al. 1991; 
Delany and Canalis 1998]. Osteoblasts from patients with osteogenesis 
imperfecta (brittle-bone disease) and osteoblasts derived from the frolfro mouse, 
an animal with fragile bones, produce decreased amounts of ON [Muriel et al. 
1991]. Conversely, murine osteoblastic cell line MC3T3-E1 induced to form 
nodules in vitro produce more ON as the matrix matures and mineralizes 
[Delany and Canalis 1998]. In a cell free in vitro system, ON inhibited de novo 
formation of apatite [Boskey1989] and slowed down HA crystal growth by 
blocking growth sites [Doi et al. 1992]. Taken together, it was concluded that 
since slowing down crystal growth may regulate the growth and size of HA 
crystals, ON might be playing a role in preventing excessive mineralization 
[Roach1994].
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Ku et al reported that the treatment of Ti-6AI-4V surfaces using ageing 
(thermal treatment in deionised distilled boiling water) and passivation 
techniques (using 30% nitric acid for 1 h) did not affect the expression of ON 
gene by osteoblast-like human SaOS-2 cells after 1 week of incubation [Ku et al. 
2002]. These authors examined the effect of different Ti-6AI-4V surface 
treatments on ON, OPN, OCN gene expression, total protein amount, ALP 
activity and FN production by SaOS-2 cell line between 1-4 weeks of cell 
culture. At week 1, no difference in the ON, OPN, and OCN gene expression 
was found between samples. There was no difference in the expression of FN 
for the different surface treatments. The peak of ALP activity appeared earlier at 
week 2 for the control surface compared with the passivated and aged surfaces. 
They proposed that the different surface treatments induced different metal ion 
release kinetics and surface properties, which influenced only the ALP activity of 
osteoblast-like cells [Ku et al. 2002]. In contrast, Zreiqat and Howlett 
demonstrated that cells cultured on the Ti-6AI-4V discs had higher levels of ON 
protein expression than those on cpTi [Zreiqat and Howlett 1999]. These authors 
investigated the influence of cpTi and Ti-6AI-4V on the expression of ON by 
human bone-derived cells grown for 5, 7, 10, and 14 days [Zreiqat and Howlett 
1999]. The above results indicate that the expression levels of ON by cells 
cultured on Ti discs may have been altered in response to minor differences in 
the Ti surface chemistry, and for these reasons, the effects of Ca ion- 
implantation of Ti on the expression of this very important bone-associated 
protein were also examined here.
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6.1.5 Osteopontin
OPN was first described as a secreted 60-kDa transformation-specific 
phosphoprotein [Senger et al. 1979]. Like BSP, OPN is a phosphorylated, acidic 
non-collagenous glycoprotein belonging to the SIBLING family of proteins. It can 
function both as a cell attachment protein and as a cytokine, delivering signals to 
cells via a number of receptors including the integrins av(Pi, p3, or p5) and (a4, 
05, as, or ag)Pi, and certain variant forms of CD44 (a cell surface glycoprotein 
that serves as an adhesion molecule in cell-substrate or cell-cell interactions) 
[Katagiri et al. 1999]. Interaction of OPN with these receptors, via the RGD 
amino acid sequence, mediates cell adhesion which directly or indirectly 
activates intracellular signalling pathways [Denhardt and Guo 1993; Denhardt et 
al. 2001a].
The ability of OPN to stimulate cell activity through multiple receptors 
linked to several interactive signalling pathways may account for much of its 
functional diversity. This secreted protein is found in all body fluids and also in 
the proteinaceous matrix of mineralized tissue. OPN is a prominent component 
of the mineralized ECMs of bones and teeth. In addition to mineralization of 
osseous tissues, OPN is also associated with calcification [Sodek et al. 2000]. It 
was previously co-localized with calcified deposits in atherosclerotic lesions 
[Hirota et al. 1993]. OPN is characterized by the presence of a polyaspartic acid 
sequence and sites of Ser/Thr phosphorylation that causes it to bind strongly to 
the calcium phosphate crystals in mineralized tissues and to inhibit crystal 
growth [Sodek et al. 2000; Jono et al. 2000]. Although, it is not required for 
normal bone formation and development, the presence of OPN on the bone
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surface is critical for the remodelling of mature bone. OPN also plays important 
roles in inflammation, tissue injury and wound healing processes [Johnson et al. 
2004; Butler1989; Goldberg and Hunter 1995].
It was previously shown that Ti surface characteristics affect the expression 
of OPN by osteoblast-like cells. SaOS-2 cells were cultured on cpTi discs with 
three different surface roughness i.e. smooth (S), sandblasted (SB) and Ti 
plasma sprayed (TPS). OPN was shown to be detected largely on the SB and 
TPS surfaces, while only minimal production was observed on the S surfaces, 
indicating that surface properties may be able to modulate the osteoblast 
phenotype [Postiglione et al. 2004]. Puleo et al studied the expression of OPN 
gene by osteoblasts cultured in direct contact with Ti by using Northern blotting 
and RT-PCR techniques. They demonstrated that mRNAs encoding OPN were 
expressed during a 5 week period of interaction of osteoblasts with Ti [Puleo et 
al. 1993]. Therefore, experiments presented in the current study were carried 
out to determine whether changes in surface chemistry of Ti discs via Ca ion- 
implantation would have any effect on the expression of multifunctional OPN by 
MG-63 cells both at the protein as well as at the gene levels.
6.1.6 Rationale for the use o f monensin
ECM components are normally secreted from the cells in which they are 
produced and only a proportion of these antigens is retained either intracellularly 
or expressed on the surface of the cell [Mundy1995], which makes it difficult to 
measure the correct expression levels of matrix proteins using FCM analysis. 
The effects of Ca ion-implantation on the expression levels of normally secreted
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bone ECM antigens i.e. BSP, ON and OPN were therefore assessed using a 
procedure whereby a replicate set of MG-63 cells cultured on Ti (control) and 
Ca-Ti discs were treated with monensin, an inhibitor of protein secretion, as 
previously described [Kuru et al. 1998].
Monensin induces an intracellular accumulation of secreted proteins 
primarily by blocking Golgi/ER transport of newly synthesised proteins [Rieman 
et al. 2001]. Kuru et al treated cultured gingival fibroblasts and periodontal 
ligament (PDL) cells with monensin in order to measure the expression levels of 
FN, collagen 1 and tenascin in vitro using FCM. They reported that when the 
PDL cells were exposed to monensin, secretion of FN was blocked, as cell- 
associated FN levels increased to 70%, whereas FN expression increased by 
less than 5% in gingival fibroblast cultures. However, while incubation in the 
presence of monensin increased the cell-associated collagen 1 levels in the PDL 
cells by 15%, antigen levels in the gingival fibroblasts increased by 120%. In 
contrast, the expression of another ECM protein tenascin in both types of cells 
showed the same increase, approximately 20% each [Kuru et al. 1998]. In 
another study, the presence of monensin caused viral proteins to remain 
trapped intracellularly [Suikkanen et al. 2003]. In addition, Nylander and Kalies 
reported that monensin was able to completely block secretion of cytokine CD69 
by mice splenocytes [Nylander and Kalies 1999]. Similarly, upon exposure of 
human osteoclast-like cells to monensin, cells were seen loaded with FN 
containing vesicles, and hence blocking FN secretion [Grano et al. 1994]. These 
findings confirm the efficiency of monensin in blocking protein secretion in a 
variety of cell types, and thus support its use in the current study to determine
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the effects of Ca-Ti surfaces on the expression of certain bone ECM proteins i.e. 
BSP, ON and OPN.
6.2 Materials and Methods
6.2.1 Preparation o f Ca-implanted Ti discs
Mirror polished Cp Ti discs (grade 1 , 8 x 1  mm in diameter) (Goodfellow) 
were implanted with high doses of Ca ions (1 x 1017 Ca ions cm'2). Both the non­
implanted Ti (control) and Ca-Ti discs were sterilised by UV light prior to cell 
culture and stored at RT in a desiccator, as described earlier (Chapter 2)
6.2.2 Cell culture
Suspensions containing 1 x 104 MG63 cells, cultured in complete DMEM  
(GIBCO Invitrogen), were seeded onto the surfaces of the Ti (control) and Ca-Ti 
discs. Fifteen replicate discs per sample were used and each experiment was 
repeated 3 times. In all experiments, the discs were placed into 24 well plates 
(Beckton-Dickinson) and incubated at 37°C in a humidified atmosphere of 5% 
C 0 2 in air, as described in detail in Chapter 3.
6.2.3 Treatment with monensin
In some experiments, in order to determine the effects of Ca-implantation 
on bone proteins which are normally secreted (BSP, ON, OPN), the drug 
monensin (1 pM; Sigma-Aldrich) was added for 4 h to block protein secretion. 
After washing, fixation and permeabilization, the antigens which had 
accumulated within the cell were immunostained. Since ALP and BMP-RIB are
189
membrane-bound proteins i.e. they are not secreted by the cells, the monensin 
treatment was not carried out for measuring the effects of Ca-Ti surfaces on 
their expression levels.
6.2.4 Immunofluorescent staining o f bone-associated antigens
After 6 days of incubation of Mg-63 cells on Ti (control) and Ca-Ti 
surfaces the tissue culture medium was removed and the discs were washed 
twice with PBS. The cells were detached from the discs using 20 mM EDTA (i.e. 
with no trypsin) (GIBCO Invitrogen) for 5 min at 37°C. Trypsin was not applied 
because its protease activity would be likely to remove cell-membrane 
associated proteins. The cells were then centrifuged and fixed for 30 min at RT 
with 1% w/v PFA (BDH) in PBS containing 0.1% of the non-ionic detergent 
saponin (Sigma-Aldrich) in order to permeabilise cell membrane and allow the 
entry of detecting antibodies [Sumner et al. 1991]. After centrifugation, the cells 
were washed, resuspended in wash buffer (2% FCS, 0.05% sodium azide and 
0.1% saponin in PBS) and immunostained for ALP, BMPR-IB, BSP, ON and 
OPN expression, as described below.
Replicate aliquots of the cells were incubated for 60 min at RT with the 
following primary antibodies: rabbit polyclonal antibodies (pAb) against human 
ALP, and BSP; mouse monoclonal antibodies (mAb) against BMPR-IB (Dako), 
ON and OPN (kindly provided by Dr. L. Fisher; NIH, Bethesda, MD USA). All 
primary antibodies were used at a 1:100 dilution in the washing buffer. Normal 
non-immune rabbit serum (Dako) and mouse lgG1 (Dako) served as the
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negative controls for the pAb and mAb, respectively. After washing the cells, 
FITC-labelled swine anti-rabbit IgG (Dako), diluted 1:20 in PBS, was added for 
30 min at RT to the pAb-treated cells. FITC-labelled rabbit anti-mouse IgG 
(Dako), diluted in 1:50 in PBS was added for the same time to the mAb-treated 
cells. The cells were then washed and resuspended in 500 pi of wash buffer and 
the forward light scatter (FSC) (proportional to cell size), side light scatter (SSC) 
(proportional to intracellular granularity) and fluorescent intensities of 10,000 
individual cells measured by FCM, as described below.
6.2.5 Flow cytometry analysis
The light scattering properties and the fluorescence of each cell stained 
with FITC were measured on a FACScan flow cytometer (Becton-Dickinson). 
The FSC, SSC and fluorescence values obtained were dependent on the 
electronic input and detection settings of the FACScan, which were kept 
constant in the experiments described, and on the specific antibody used.
For the analysis of antigen levels, the signals corresponding to debris and 
cell aggregates were first gated out by using the FSC and SSC display. The AFI 
of the cell population was calculated for each antigen after subtraction of the AFI 
of the negative control samples (non-specific serum and IgG) from the AFI of the 
test samples (cells treated with the specific antibody). For ALP and BMPR-IB, 
the net AFI values of the Ca-Ti and Ti (control) cells were compared directly. For 
BSP, ON and OPN, the effects of Ca-Ti were determined by comparing the 
change in AFI values in the presence of monensin with the change in the AFI of
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cells incubated on the Ti (control) discs in the presence of the drug, as 
previously described [Kuru et al., 1998].
All data were analysed using WinMDI software (version 2.8) 
(www.facs.sripps.edu/software.html). Since each antibody has a unique 
reactivity for its corresponding antigen, the AFI values obtained using different 
antibodies cannot be compared with each other.
6.2.6 RNA extraction
The effects of Ca-Ti surfaces on the expression of OPN at the gene level 
were evaluated by RT-PCR. MG-63 Cells were cultured on the Ti (control) and 
Ca-Ti discs for 24 h and 6 days and the total RNA was isolated and purified 
using RNeasy mini columns (Quiagen, Crawley, West Sussex, UK), as follows. 
Buffers A, B and C, mentioned below, were provided in the Quiagen kit as buffer 
RLT, RW1 and RPE, respectively, and their chemical compositions were not 
specified. Cell pellets obtained by trypsinisation were first lysed by adding 350 pi 
of “buffer A ”. This is a highly denaturing buffer which immediately inactivates 
RNases and thus allows isolation of intact RNA [Quiagen manual]. Secondly, to 
shear genomic DNA, samples were homogenised by mixing with pipette and 
vortex for 1 min. Then, 350 pi of 70% ethanol were added to each sample and 
mixed well using a pipette. This step was recommended to adjust the binding 
conditions for the adsorption of isolated RNA to RNeasy columns [Quiagen 
manual]. Approximately 700 pi of the total liquid from each tube was then 
applied to an RNeasy mini column which was placed in a 2 ml collection tube 
(supplied with the Quaigen kit). The tubes were then centrifuged for 15 s at
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10.000 rpm. The ‘flow through’ (liquid collected at the bottom of the tube) was 
discarded and the RNeasy mini columns were placed in new collection tubes.
To ensure removal of any contaminants from the RNeasy mini columns 
[Quiagen manual], two subsequent wash spins in “buffer B” and “buffer C” were 
carried out. First, 700 pi of buffer B were added to each column and they were 
centrifuged for 15 s at 10,000 rpm. This was followed by discarding the flow 
through, replacing the collection tube and adding 500 pi of buffer C to the 
RNeasy mini column, which was then centrifuged as before. This was further 
repeated by adding another 500 pi of buffer C to each RNeasy mini column. 
Following centrifugation for 2 min at 10,000 rpm, the columns were placed in the 
new collection tubes and spun at full speed for 1 min in a micro-centrifuge.
Finally to elute RNA, columns were placed in new collection tubes and 50 
pi of RNase free H2O were added directly onto the RNeasy silica gel 
membranes. After mixing well with a pipette, tubes were centrifuged for 1 min at
10.000 rpm. The eluate obtained for each sample was the purified RNA which 
was stored in a RNase free tube at -70°C prior to reverse transcription.
6.2.7 Reverse transcription
The collected RNA from the cells (5 pg of total RNA from each sample; 
quantified by measuring absorbance at 260nm) was reversibly transcribed to 
cDNA using a cells-to-cDNA™ kit (Ambion, Inc. Huntingdon, Cambridgeshire, 
UK). Reagents added to an aliquot of 10 pi of RNA were: 4 pi of dNTP mix, 2 pi 
of oligo (dT) primers and 4 pi of nuclease free H2O. After mixing thoroughly by 
vortex and brief centrifugation, samples were placed in PCT-100 thermal cycler
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(MJ Research) for 3 min at 70°C. After cooling for 5 min at -20°C and a brief 
centrifugation, the remaining reagents required for reverse transcription were 2 
pi of 10x RT buffer, 1 pi of M-MLV reverse transcriptase and 1 pi of RNase 
inhibitor were added to each tube. Following mixing via vortex and brief 
centrifugation, tubes were incubated in a PCT-100 thermal cycler (MJ Research) 
for 60 min at 42°C to allow preparation of cDNA. The reaction was terminated by 
subsequent incubation at 90°C for 10 min. The cDNA samples obtained were 
stored at -20°C  before continuing with amplification via PCR.
6.2.8 Polymerase chain reaction
Five microlitres of cDNA was used for PCR with 0.5 pi of REDtaq DNA 
polymerase (2.5 U), 5 pi of 1x REDtaq PCR buffer, 2 pi of dNTP mix (2.5 mM 
each), 3 pi of MgCfe (1.5mM), 32.5 pi of nuclease free H2O and 1 pi each of the 
sense and anti-sense primers for OPN. Replicate reactions contained the 
primers for the housekeeping gene GAPDH (Chapter 2) (all from Sigma- 
Genosys, Pempisford, UK). PCR was carried out using a PCT-100 thermal 
cycler (MJ Research) with an initial 3 min 94°C denaturation step, followed by 
cycles of 30 s at 94°C, 2 min at 61 °C, 2 min at 72°C, respectively and a 10 min 
72°C termination step. 35 Cycles were used for OPN and 32 for GAPDH. The 
primer sequences and expected PCR product sizes (base pairs; bp) for the OPN 
and GAPDH genes are shown below.
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OPN
Primer sequence (5’-3 ’)
5': CCAAGTAAGTOCAACGAAAG 
3’: GGTGATGTCCTCGTCTGTA
Product size (bp)
347
GAPDH 5': CCACCCATGGCAAATTCCCATGGCA 
3': CTGGACGGCAGGTCAGGTCCACC
600
Figure 6.1: Sequence of PCR amplification primer sets for OPN and GAPDH genes, 
adapted from Sigma-Genosys information sh eet.
The molecular sizes of the amplified PCR products were determined by their 
electrophoretic mobility in 2% agarose gels which were stained with ethidium 
bromide, using the UV illumination image capture. Images of the OPN bands, 
compared with a 1 Kbp DNA ladder used as a size marker, were scanned by 
densitometry using Scionlmage software (Scion Corporation). The expression of 
OPN mRNA by cells cultured on the Ca-Ti and Ti (control) discs was calculated 
relative to GAPDH, which is defined as 1.0 [Dukas et al. 1993].
6.2.9 Statistical analysis
The results of triplicate experiments are shown as ± SEM. Differences in 
the levels of antigen and gene expression by cells cultured on Ca-Ti discs 
relative to those on Ti (control) surfaces were determined using SPSS 11.0 
software (SPSS) and the Student’s t test for paired samples, with p < 0.05 
considered as statistically significant.
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6.3 Results
6.3.1 Effects of Ca ion-implantation on bone protein expression
Figure 1 shows representative FCM profiles of ALP, BMPR-IB, BSP, ON 
and OPN expression by MG-63 cells on the Ca-Ti and Ti (control) discs after 6 
days of cell culture. These histograms indicate that growth of the cells on the 
Ca-implanted Ti up-regulated the expression of BMPR-IB, BSP and OPN, but 
appeared to have little if any effect on the levels of ALP and ON.
The average net AFI values of these bone-associated markers, obtained 
from three replicate experiments, confirm that while these latter 2 antigens were 
unaffected by the Ca-implanted surface, the level of BMPR-IB expressed by 
MG-63 cells cultured on the Ca-Ti discs was significantly higher compared with 
cells incubated on the Ti (control) discs ((255 ± 8.0 compared with110 ± 4.6) (p 
= 0.05) (Table 1)). BSP levels similarly increased after culture on the Ca-Ti 
discs, to a level which was 2.9 times greater than that on the Ti (control) (p =
0.04; Table 1). Most strikingly, Table 1 also shows that OPN expression by cells 
on the ion-implanted discs increased 470% (from a net AFI of 120 on the control 
to 315 on the Ca-Ti discs in the presence of monensin). In view of this highly 
significant up-regulation (p =0.01) of this antigen by culture on the Ca-Ti surface 
compared with the Ti (control), OPN expression was further evaluated at the 
gene level by RT-PCR, as described in the Materials and Methods. In summary, 
the findings of these experiments indicate that out of the five bone-associated 
antigens analysed, BMPR-IB, BSP and OPN were all up-regulated in response 
to Ca ion-implantation of Ti
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Figure 6.2: Representative FCM profiles of the effects of Ca implanted Ti on ALP, BMPR-IB, BSP, ON and OPN antigen expression by MG-63  
cells after 6 days of culture. The BSP, ON and OPN proteins were measured after 4 h of incubation with monensin, as described in the Materials 
and Methods. Note the higher expression levels of BMPR-IB, BSP and OPN on the implanted surface (upper histograms) compared with the Ti 
(control) surface (lower histograms), as indicated by the arrows.
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Table 6.1: Effects of Ca-Ti surfaces on the expression 
of bone-associated antigens
Antigen Net AFI Change in AFI Relativea AFI
Ca-Ti Ti (control) Ca-Ti Ti (control)
ALP 152 ±4.8 140 ± 3.9 1.08
BMPR-IB 255 ± 8.0 110 ± 4.6 2.31*
BSP 320 ± 7.0 200 ±12.2 58 20 2.90*
ON 185 ±5.3 172 ± 3.4 23 19 1.21
OPN 315 ±6 .0 120 ±7.6 112 24 4.70*
Net AFI values shown are the averages (± SEM) of 15 replicate samples repeated 3 times. 
Changes in the AFI values of BSP, ON and OPN were measured for MG-63 cells cultured on 
the Ca-Ti and Ti (control) and surfaces treated with and without monensin, as described in 
the Materials and Methods.a The fluorescence intensity of each antigen on the Ca-Ti surface 
relative to the Ti (control) discs, defined as 1.0. * Indicates statistically significant increase in 
BMPR-IB, BSP and OPN expression, shown in bold (p = 0.05, 0.04 and 0.01, respectively).
6.3.2 Influence of calcium-implantation on osteopontin gene 
expression
Figure 6.3 (A) shows a representative RT-PCR experiment of the OPN 
mRNA gene product in cells cultured for 24 h and 6 days on the Ca-Ti and Ti 
(control) discs. This indicates that the implanted surface may have mediated 
an increase in gene activity (relative to the change in GAPDH levels; lanes 2 
and 4 compared with 1 and 3 for the control surface, at 24 h and 6 days, 
respectively). The intensities of the bands corresponding to the OPN and 
GAPDH genes were therefore measured in 3 separate experiments, and the
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Figure 6.3: RT-PCR analysis of the effects of Ca-implanted Ti on the activity of the OPN 
gene in MG-63 cells after 24 h and 6 days of culture. 1 Kbp DNA ladder was used to identify 
the 600 and 347 bp bands corresponding to the GAPDH and OPN gene products. In (A), 
lanes 1 and 3 show the mRNA derived from cells on the Ti (control) discs, while lanes 2 and 
4 are derived from the Ca-implanted surface. The white arrows indicate the possibly 
increased band intensities of OPN on the Ca-Ti surfaces compared with those on the control, 
relative to the GAPDH band intensity in each sample. The histogram in (B) shows the 
average level of OPN gene expression normalised to that of the GAPDH gene, defined as 
1.0, by cells incubated on the Ti (control) (white bars) and Ca-Ti discs (grey bars). *Note the 
significant increase in the relative levels of the OPN transcript at both time periods in cells 
incubated on the ion-implanted Ti surface (p = 0.04 and 0.01, respectively).
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results in Figure 6.3 (B) show the average values ± SEM of the OPN mRNA 
levels normalised against the GAPDH transcript, defined as 1.0. Implantation 
of Ti surfaces with Ca ions was found to significantly enhance the expression 
of OPN gene at both time points. Thus, at 24 h, there was an average 
increase of 27 % in the normalised OPN mRNA level (p = 0.04) while, after 6 
days of incubation, MG-63 cells cultured on the Ca-Ti surface showed a 
markedly higher transcript level relative to that on the Ti (control). The 
implanted surface; therefore, very significantly up-regulated OPN gene 
expression (by 40%; p = 0.01), as shown in Figure 6.3 B.
6.4 Discussion
The likelihood and extent of integration between an implant and the 
surrounding bone tissue depend in part on the surface characteristics of the 
implant [Puleo and Nanci 1999; Anselme2000]. To understand the functional 
consequences of the modification of Ti surface chemistry by Ca ion- 
implantation, the present in vitro study measured the effects of this novel 
surface on the expression of ALP, BMPR-IB, BSP, ON and OPN, previously 
shown to be key osteogenic markers [Bowers et al. 1992; Chehroudi et al. 
1992; Mustafa et al. 2000; Piattelli et al. 1994; Wennerberg et al. 1997; 
Cooper et al. 1999].
6.4.1 Expression of ALP and BMPR-IB on calcium-implanted titanium
Ca ion-implantation seemingly failed to influence the expression of the 
ALP antigen by MG-63 cells, even after 6 days of culture. Krupa et al 
previously reported, that there was also no significant difference in the
2 0 0
enzymatic activity of ALP in human bone-derived cells which had been 
similarly cultured on Ca-implanted Ti surfaces [Krupa et al. 2001a]. However, 
the present experiments showed that BMPR-IB, another membrane- 
associated antigen which also plays an important part in bone growth and 
differentiation [Yoshikawa et al. 2004; Nohe et al. 2004], was significantly up- 
regulated by the implanted Ti. Although the reasons for this effect are not yet 
understood, the functional consequences of increased BMPR-IB expression 
are likely to involve the role of Ca ions as a major and ubiquitous cell 
activation molecule.
Cell signalling via this transmembrane receptor is mediated following 
its binding to the BMP [Scherer and Graff 2000]. BMPR-IB was previously 
demonstrated to interact with BMP-2 which in turn activates the Smad (a 
combination of the gene names from C.elegans, Sma, and Drosophila, Mad) 
signalling pathway [Yoshikawa et al. 2004; Nohe et al. 2004]. BMP receptors 
and nuclear effector Smad proteins control cell growth and differentiation by 
regulating the transcription of specific genes [Korchynskyi and Ten 2002; 
Miyazono1999]. Several pivotal BMP target genes that dictate cell fate, 
including the inhibitors of differentiation (Id) proteins, have been identified. 
Although BMP activates the Smad pathway to modulate gene transcription, 
there is growing evidence that other pathways distinct from the Smad 
pathway, are initiated downstream of the BMP-2/BMPR-1B receptor complex. 
For example, other members of TGF-p family have been shown to activate 
small GTP-binding proteins and MAP kinases in certain cells [Korchynskyi 
and Ten 2002; Miyazono1999]. Scherer and Graff previously reported the 
presence of a cross-talk between three major signalling cascades i.e.
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Ca/calmodulin signalling cascade, receptor tyrosine kinase, and TGF-p 
pathways [Scherer and Graff 2000]. In addition, Xu et a proposed that 
calmodulin can bind Smad in a Ca dependent manner, however the effects 
on TGF-(3 signalling remained unclear [Xu et al. 1999].
To summarize the findings of above studies it can be stated that the 
cell signalling via BMPR-1B is mediated in part by the intracellular Smad 
pathway that regulates the transcription of a number of essential growth and 
differentiation genes and which is, in turn, regulated by Ca ion-dependent 
binding to calmodulin [Yoshikawa et al. 2004; Nohe et al. 2004; Korchynskyi 
and Ten 2002; Miyazono1999; Scherer and Graff 2000]. Thus, the activation 
of Ca-based signal transduction which may occur on Ca-implanted Ti could 
be partially responsible for the apparently enhanced biocompatibility of this 
surface in vivo [Hanawa et al. 1997].
6.4.2 Effects of Ca-Ti on the expression of bone matrix proteins
ECM proteins adsorbed onto the surface of Ti are either exogenously 
derived from serum or endogenously synthesised by cells [Puleo and Nanci, 
1999; Anselme, 2000]. Surface properties of implant materials influence the 
adsorption of serum-derived ECM proteins in vitro. Additionally, the 
expression of ECM proteins by cells is also affected by physicochemical 
differences of Ti surfaces [Puleo and Nanci 1999; Anselme2000; Kasemo 
and Gold 1999]. Compared with the control non-implanted discs, Ca ion- 
implantation of Ti caused an up-regulation of BSP and most significantly 
OPN proteins by osteoblast-like cells. In contrast, no significant increase was 
found in ON expression by MG-63 cells on Ca-Ti discs in comparison with
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the control. Although it is not known whether monensin treatment completely 
prevented the secretion of all the matrix proteins that were examined, the 
measurement of altered antigen levels is in agreement with the previous 
studies which showed increased intracellular accumulation of ECM proteins 
following exposure to monensin [Grano et al. 1994; Kuru et al. 1998].
OPN and BSP are believed to play a role in the adhesion of cells to 
implant materials [Puleo and Nanci, 1999;Anselme, 2000]. Both of these non- 
collagenous proteins contain the RGD sequence and therefore can bind with 
integrin receptors including a5|31 [Denhardt et al. 2001b]. Results in Chapter 
4 have shown that Ti surfaces implanted with the high doses of Ca ions can 
induce a significantly enhanced expression of a5(31 integrin. Together with 
the elevated levels of BSP and OPN induced by the Ca-Ti surface as shown 
here, this may further trigger integrin-mediated pathways leading to bone cell 
activation, growth and particularly Ca-dependent bone mineralization 
[Schneider et al. 2001].
Both OPN and BSP proteins are known to regulate the bone 
mineralization process via binding to Ca and HA [Boskey1989]. A previous 
study demonstrated that integrin-mediated adhesion and subsequent 
intracellular signalling of osteosarcoma cells play a role in the mineralization 
of bone ECM by BSP [Schneider et al. 2001]. The proteins necessary for the 
initiation of mineralization are likely to be present at the “mineralization front”
i.e. just ahead of the mineralised matrix. Notably, a previous study 
demonstrated that both BSP and OPN were present at sites of mineralising 
new bone matrix whereas the expression of ON, which is shown in the 
current study to be unaffected by the Ca-Ti surface, was not detected
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[Roach1994]. Therefore, an up-regulation of BSP and OPN seen here may 
suggest that the Ca ion-implantation of Ti possibly enhanced the osteoblast­
like cell function by initiating the bone mineralization process.
6.4.3 Influence of Ca-Ti surfaces on OPN gene expression
OPN is encoded by a single gene, much of which is highly conserved 
in vertebrates [Denhardt et al. 2001b]. OPN affects the function of 
osteoblasts in several ways, e.g. via stimulating cell-cell adhesion, increasing 
cell-ECM communication, augmenting tissue mineralization and promoting 
calcium phosphate deposition [Johnson et al. 2004; Butler1989; Goldberg 
and Hunter 1995]. It is also required for stress-induced bone remodelling. A 
previous study has shown that during the process of osseointegration, the 
bonding between bone/teeth and the implants was promoted by OPN [McKee 
and Nanci 1996]. A highly significant up-regulation of such a multifunctional 
antigen, found in the current study on Ca-Ti surfaces, was further evaluated 
at the gene level. Results presented in the current chapter show that the 
effects of the Ca-implanted surface appear to be mediated at the level of 
gene transcription. Although RT-PCR of the other genes studied here were 
not carried out, semi-quantitative analysis of relative OPN mRNA levels 
demonstrated unequivocally that OPN transcripts were clearly elevated in 
response to growth on Ca ion-implanted Ti, as was the corresponding 
antigen.
Ti surface characteristics, such as microtopographical differences, 
have previously been shown to influence osteoblast gene expression 
[Schneider et al. 2003], including that of OPN [Takeuchi et al. 2005]. For
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example, OPN gene activity in rat bone marrow-derived osteoblasts cultured 
on acid-etched Ti was found to be elevated compared with cells on the 
smooth surface [Takeuchi et al. 2005]. However, in human bone-derived cells 
an acid-etched and sandblasted Ti surface was found to elicit greater OPN 
protein but not mRNA expression compared with smooth Ti [Knabe et al.
2004], while in the SaOS bone cell line this gene was unresponsive to ageing 
and passivation of the Ti surface [Ku et al. 2002], and the presence of RGD 
peptides chemically bound to Ti [Zreiqat et al. 2003]. Nevertheless, the 
present finding of up-regulation of this highly conserved bone-associated 
gene by Ca ion-implanted Ti suggests that this material may be of substantial 
benefit in OPN-stimulated bone cell adhesion, ECM communication, calcium 
phosphate deposition and augmentation of tissue mineralization [Johnson et 
al. 2004; Butler1989; Goldberg and Hunter 1995] leading to improved bone 
remodelling [McKee and Nanci 1996].
6.5 Conclusions
• Ca ion-implantation enhanced the expression of bone specific 
antigens such as: BMPR-IB, BSP and most significantly OPN.
• This marked up-regulation of OPN protein on Ca-Ti discs increased in 
parallel with OPN mRNA levels.
•  Compared with the non-implanted Ti, Ca-Ti surfaces may possess a 
higher potency to enhance bone cell function.
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Chapter 7 
Conclusions
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7.1 Conclusions
The ultimate goal in studying the response of osteoblastic cells to the 
modified implant surfaces is to use the information obtained for promoting 
bone formation and osseointegration of the implants. To achieve 
osseointegration, the adhesion between the implant material and hard and 
soft tissues needs to be optimal; new bone should be able to form and 
regenerate as in a normal wound healing process; the union between bone 
and the implant material must enable the transferring of functional loads from 
the implant to bone; and the properties of normal bone should be largely 
restored. Moreover, these changes should occur as rapidly as possible with 
maximum bone formation along the entire length of the implant [Skalak and 
Br&nemark 1994; Zarb and Albrektsson 1998]. In order for all these 
expectations to be fulfilled, there is a need to expand our limited 
understanding of the events occurring at the cell-material interface 
[Aubin2001; Mackie2003; Schwartz et al. 1997]. Rigorous efforts have 
recently been made to reduce the occurrence of implant failures [Esposito et 
al. 1999]. For example, various surface modification techniques have been 
carried out in order to improve the biocompatibility of Ti implants [Brunette et 
al. 2001; Donley and Gillete 1991; Esposito et al. 1999]. To achieve Ti 
implant surfaces that would optimise osseointegration, a continued 
acquisition of the fundamental knowledge of bone cell responses to specific 
material characteristics is necessary.
Findings of the Biomaterial group established that the ion-implantation 
technique altered the surface chemistry of Ti discs in a controlled and 
reproducible manner (Appendix A); and the results of this current study
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showed that the osteoblasts responded to these differences in the Ti surface 
chemistry. However, this influence appears to be dependent on the nature 
and concentration of the implanted ion. Thus, although K-Ti and Ar-Ti 
surfaces failed to have any effect on human alveolar bone cells and MG-63 
cell line, implantation of Ti surfaces only with high doses of Ca ions elicited 
an enhanced bone cell response in vitro. The relatively enhanced 
osteoblastic response to the Ti discs implanted with 1 x 1017 Ca ions cm'2, 
suggest that cells on these surfaces were biologically more activated than 
their counterparts on the non-implanted Ti.
Both qualitative and quantitative biological parameters examined here 
may provide means to conduct in-depth analysis of the bone cell-material 
interactions in vitro. This study is the first to demonstrate that modifying Ti 
surface chemistry via Ca ion-implantation modulated expression of key 
signalling proteins such as a5(31, vinculin, BMPR-1B, BSP and OPN. In 
addition, present findings establish for the first time that altering Ti surface 
chemistry can have an effect on the bone cell cycle. The concomitant up- 
regulation of a5(31 integrin and vinculin by bone-like cells adhered on Ca-Ti 
surfaces, may highlight some of the molecular events occurring at the cell-Ti 
interface. The mechanisms of cell adhesion to the ECM, which are of 
fundamental importance for function, survival, and growth, are known to 
involve the formation of focal adhesions which may facilitate integrin 
signalling [Hynes1987; Kornberg and Juliano 1992; Kornberg et al. 1991]. 
Thus, an increase in the expression of a5p1 integrin and focal adhesion 
protein vinculin in response to Ca ion-implantation may give clues about 
stimulation of a signal transduction pathway possibly involving ECM proteins.
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This hypothesis was strengthened by the present findings of a significant 
increase in the expression levels of major ECM proteins such as BSP and 
OPN in response to Ca ion-implantation. OPN, in particular was shown to be 
up-regulated at both protein as well as gene levels. Both OPN and BSP 
contain the RGD sequence and therefore can bind with the integrin receptors 
including a5(31 [Denhardt et al. 2001], Based on these current findings, it can 
be speculated that interaction of these ECM proteins with a5(31 might have 
triggered integrin-mediated intracellular signalling pathways [Denhardt et al. 
2001],
In order to clarify the effects of Ca-implanted Ti on bone cells, the 
present study has used FCM to measure, for the first time, whether this novel 
surface modulates Ki-67 expression and the progression of synchronised 
cultures of MG-63 cells through the G0/G1, S and G2/M phases of the cell 
cycle. An enhanced proportion of Ki-67 positive cells and a rapid progression 
of cell through different phases of the cell cycle may possibly explain the 
underlying cause of an enhanced cell proliferation on Ca-Ti surfaces. The 
enhanced progression of cells cultured on Ca-Ti surfaces through G1, S and 
G2/M phases of the cell cycle could be due to up-regulation of cyclins and 
the subsequent activation of the cyclin/cdk complexes (key components 
providing the primary means of cell cycle regulation), in particular cyclin 
E/cdk2 (required for transition from the G1 to the S phase) [Merli et al. 1999] 
and cyclin B/cdk1 (required for the initiation of mitosis) [Jackman et al. 2003]. 
Moreover, since BMP-2 binding to BMPR-1B activates the Smad signalling 
pathway [Yoshikawa et al. 2004; Nohe et al. 2004], the present findings of
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the enhanced expression of BMPR-1B might imply that Ca ion-implantation 
of Ti possibly stimulated this specific pathway.
It remains unclear as to the precise mechanisms governing this 
behaviour. The ion implantation process influences the surface 
characteristics in a number of ways. During implantation, the transfer of 
energy to the atoms and ions in the Ti/oxide lattice causes their displacement 
and/or sputtering out of the surface. The implanted surfaces also tend to 
contain a higher amount of hydroxide/water and carbon than the non­
implanted surfaces, with some of the carbon present as carbide, all of which 
could affect biological reactivity [Ryssel and Ruge 1986; Sze1981; 
Ziegler1988]. In solution, several reactions may occur. The surface oxide 
layer may thicken or dissolve and inorganic species may precipitate onto the 
surface. Previous research has established that the surface characteristics of 
the implant materials such as topography, chemistry or surface energy 
dictate the profile, conformation and the structural rearrangement of the 
molecules adsorbed on these biomaterials [Anselme2000; Boyan et al. 1996; 
Schwartz et al. 1997].
An enhanced in vivo response to Ca ion-implantation has previously 
been attributed to the thickening of the oxide layer, formation of the Ca-P rich 
apatite layer, and/or release of the implanted ion from the modified Ca-Ti 
surfaces [Hanawa et al. 1997; Hanawa et al. 1996a; Hanawa et al. 1996b]. 
The altered bone cell response to Ca-Ti surfaces observed here in vitro, may 
have also been elicited by one or more of these physicochemical factors. 
Firstly, the results of Biomaterials group demonstrated an increase in surface 
oxide thickness on Ca-implanted Ti discs and considerable further thickening
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on immersion in solution (Appendix A). Thus, the increased cell response to 
the Ca-Ti surfaces observed in the present study could be related to the 
formation of a thicker oxide layer, as has been reported to also cause 
stronger bone integration and enhanced tissue responses in rabbit tibia in 
vivo [Sul et al. 2001].
Secondly, since the appearance of calcium phosphate precipitates on 
surfaces has generally been taken as a sign of improved ‘biocompatibility’, an 
enhanced bone cell response to Ca-Ti surfaces could possibly be due to 
deposition of a Ca and P rich layer, as suggested by the enhanced response 
of rabbit osteoblasts to apatite-coated Ti in vitro, apparently as a result of the 
presence of Ca and P on the surface [Feng et al. 2004]. Modification of Ti 
surfaces by ion-implantation has previously been reported to augment the 
formation of a HA-like calcium phosphate on exposure to SBF [Krupa et al. 
2001a; Krupa et al 2001b; Krupa et al. 2002; Maitz et al. 2002; Pham et al.
2000]. In addition, the findings of the current study established that a Ca- and 
P-rich particulate deposit is also formed upon immersion of Ca-Ti discs in 
culture medium after short immersion times for which such features were not 
observed on Ti (control) discs. Results of Biomaterials group also confirmed 
the presence of significantly greater amounts of P on the Ca-Ti surface, with 
a P/Ti ratio of -0 .6  compared to -0.1 for control cp Ti. It was shown that the 
deposition of calcium phosphate species was faster on Ca-Ti than on other 
surfaces (Appendix A). In agreement, a previous study reported that similarly 
produced Ca-Ti surfaces induced accelerated calcium phosphate 
precipitation following immersion in HBSS [Hanawa1999].
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Lastly, a gradual release of Ca ions from the Ca-Ti surfaces into the 
solution was detected by the Biomaterials group (Appendix A) and also by 
Hanawa et al [Hanawa et al. 1996b]. However, the amounts of Ca ions 
released are likely to be very much less (at least 2 orders of magnitude) than 
the amount of Ca present in the cell culture medium (Appendix A). 
Nonetheless, the possibility of changes in ionic concentrations and/or pH in 
the vicinity of the cells could subsequently generate a local microenvironment 
in which the ionic and molecular concentrations differ significantly from those 
of the overall surrounding environment, having profound effects on cellular 
responses. The leached out Ca ions can enter into the cytoplasm via 
channels in the cell membrane [Lodish et al. 1996; Anghileri2000] and/or 
exert their effects in a hormone-like fashion without crossing the plasma 
membrane. Bone cells express Ca+2-sensing receptors (CaR) which respond 
to changing Ca ion concentrations in the ECM [Dvorak and Riccardi 2004; 
Riccardi2000]. Recent studies indicate that the osteoblast-derived cell lines 
MC3T3-E1, UMR-106, and SaOS-2 also express CaR mRNA and protein 
[Yamaguchi et al. 1998a; Yamaguchi et al. 1998b]. Activation of CaR by Ca 
ions triggers an intracellular cascade of second messengers producing a 
variety of biological effects depending on the cell type [Dvorak and Riccardi 
2004; Riccardi2000; Riccardi and Gamba 1999; Yamaguchi et al. 1998a]. It 
was previously reported that raising extracellular levels of Ca ions induced a 
proliferative response in the osteoblasts [Brown1991]. A previous study has 
shown that calcium phosphate coatings on Ti implants released higher local 
concentrations of Ca and P ions, which provided favourable conditions for the 
proliferation and differentiation of osteoblast-like cells [Becker et al. 2001]. In
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another study, rapid Ca ion release was linked to enhanced osteoblastic 
activity around calcium carbonate coated Ti alloy plates [Berrere et al. 2001].
Thus, thickening of the Ti oxide layer, the formation of calcium 
phosphate layer and the release of Ca ions may all have contributed to the 
enhanced response of bone cells to the Ca-implanted Ti surfaces in vitro, as 
reported here. Results presented here indicate that Ca ion-implantation may 
contribute to successful osteoblast adhesion, growth and function at the 
skeletal tissue-device interface. Although the intracellular signalling cascades 
triggered by Ca-Ti surfaces remains largely unknown, the present findings 
may explain, at least partly, the underlying mechanisms responsible for the 
improved osseointegration on the Ca-implanted Ti implants compared with 
the non-implanted Ti, reported in vivo [Hanawa et al 1997]. It is difficult, 
however, to extrapolate the present in vitro findings to the clinical situation as 
the bone cell culture model used here does not represent the in vivo 
situation. Nevertheless, these in vitro studies enable the response of cells to 
be evaluated in order to develop and carry out in vivo investigations [Oreffo 
and Triffitt 1999].
7.2 Suggestions for future work
• Future experiments may be aimed at determining bone cell responses 
to the Ti surfaces implanted with other biologically beneficial ions. 
Similarly, ion-implantation of other metallic implant materials may be 
carried out and responses of cultured osteoblastic cells to such 
modified surfaces could also be investigated in detail.
213
• Further exploration of the material-dependent effects reported here 
may involve the study of intracellular signal transduction pathways. 
Since integrins are known to be a major part of the signal transduction 
process [Kuwada and Li 2000; Roovers et al. 1999; Varner et al. 
1995], an up-regulation of a5(31 integrin seen here suggest that the 
enhanced bone cell responses to the Ca-Ti surfaces may have been 
specifically manifested by integrin-mediated pathways. A recent study 
showed that modification of Ti surface chemistry enhanced activation 
of Mapkinase pathway and up-regulated She, a common point of 
integration between integrins and the Ras/Mapkinase pathway. The 
signalling pathway involving c-fos (member of the activated protein-1) 
was also shown to be upregulated in osteoblasts cultured on the Mg 
ion-implanted Ti-6AI-4V [Zreiqat et al. 2005]. Future experiments 
might, therefore investigate the effects of Ca ion-implantation on the 
expression of She, Erk (member of Mapkinase superfamily) and c-fos 
proteins, as described before [Zreiqat et al. 2005].
• Future experiments may also involve the analysis of protein 
adsorption, as previously tested using FN [Kilpadi et al. 2001], on the 
ion-implanted Ti surfaces and the effects of such modified surfaces on 
human bone cells in vitro.
•  Since Ca implantation enhanced the progression of cells through 
different phases of the cell cycle, the effects of this change in Ti 
surface chemistry on the expression of cyclins and the subsequent
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activation of the cyclin/cdk complexes [Murray2004; Zhu et al. 1996] 
may also be addressed. Moreover, In order to accept the proposed 
hypothesis that locally released Ca ions might have triggered 
formation of Ca/calmodulin complex resulting in a rapid cell cycle 
progression [Takuwa et al. 1995], future investigation could measure 
the effects of Ca-Ti surfaces on intracellular Ca levels [Berger et al.
2001], and also the binding of Ca ions with calmodulin in vitro 
[Quadroni et al. 1998].
•  Previous studies have generally shown deposition of calcium 
phosphate on ion-implanted Ti following relatively long-term immersion 
in SBF [Maitz et al. 2002]. For example, Hanawa et al reported that Ca 
ion-implantation induced accelerated calcium phosphate precipitation 
following 30 days immersion in HBSS [Hanawa1999]. Future 
experiments may, therefore analyse the effects of Ca implantation on 
calcium phosphate deposition by pre-immersing the Ti discs in DMEM 
for longer periods of incubation (1-6 weeks). The response of 
osteoblastic cells to these modified surfaces could then be studied by 
measuring cell adhesion, cell proliferation and cell function.
• Both OPN and BSP protein, up-regulated in the current study, are 
known to regulate the bone mineralization process. Mineralization of 
newly-formed bone is essential for the proper functioning as it confers 
upon bone the property of mechanical rigidity [Hunter et al. 1996]. The 
influence of the change in surface chemistry of Ti discs by Ca ion-
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implantation may, therefore be assessed on the bone mineralization 
processes in vitro, for example, by using Alizarin red assay, as 
described before [Chaudhary et al. 2004J.
• DNA arrays are used to measure gene expression for many genes 
simultaneously and in a quantitative fashion [Lockhart and Winzeler 
2000], To have a comprehensive description of the cell-implant 
interaction with ion-implanted Ti at a gene level, cDNA microarray 
technology may also be carried out. This may reveal involvement of 
some novel genes which may possibly be responsive to changes in 
the Ti surface chemistry.
• A previous study reported an increased bacterial adhesion and 
colonisation on Ca ion-implanted Ti in vitro [Yoshinari et al. 2000]. This 
can be detrimental, as it not only increases the risk of infection at the 
supra and sub-gingival sites around dental implants but also causes a 
subsequent bone loss [Yoshinari et al., 2000]. In order to thoroughly 
evaluate possible adverse effects of Ca ion-implanted Ti surfaces, a 
series of future experiment may examine immune reactions in vitro, as 
described before [Hallab et al. 2000; Petty1979]. Another likely route 
would be to assess the effects of ion-implanted surfaces on cell death 
by apoptosis [Kylarova et al. 2002] and/or necrosis [Catelas et al.
2005].
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• After thorough investigations in vitro, the effects of Ca-Ti implants may 
be examined in vivo possibly using the animal models.
217
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Appendix A
Surface Characterisation of Titanium and 
Ion Implanted Titanium Samples
(W ritten by Dr. F. H. Jones)
1
Surface chemistry has been assessed in some detail using X-ray 
photoelectron spectroscopy (XPS) and secondary ion mass spectrometry 
(SIMS), although this analysis has been limited to high dose samples 
(>1x1017 ions cm-2). Surface topography was explored qualitatively using 
SEM and quantitatively using white light interferometry. The latter studies 
were carried out on a very limited number of samples. The experiments were 
carried out by L. Shinawi and F.H. Jones and the results given in the first 
section below are mostly limited to those which had been obtained at the 
time of completion of the biological studies detailed in this thesis. The major 
points have been summarised here by F.H. Jones.
Polished cp Ti 
Topography
To the naked eye, the polished Ti surfaces were smooth, shiny and 
silver coloured. They were easily scratched and had to be handled with care. 
SEM images indicated that the surfaces were mostly smooth, but not fully 
uniform, showing some pits and grooves attributable to the polishing process. 
Surface roughness, measured on six randomly selected samples using white 
light interferometry gave a roughness average value, Ra = 0.04 ±0.01 pm and 
a root mean square roughness Rq = 0.06 ±0.02 pm (Nayab et al., 2003; 
Appendix B), in broad agreement with values in the literature measured using 
a similar technique [Chauvy etal., 1998; Yoshinari etal., 2000].
Chemistry
X-ray photoelectron spectroscopy confirmed that the main elements 
present at the surface were titanium and oxygen (Shinawi, 2003; Nayab et 
al., 2003). The Ti 2p spectrum showed the typical peak shape for a metallic 
Ti substrate covered by a natural oxide layer, with an estimated thickness of 
~50-70A (Lausmaa et al., 1990; Sodhi et al., 1991; Lausmaa, 1996; 
McCafferty and Wightman, 1999). The oxide largely contained Ti in the 4+ 
oxidation state, although intensity due to Ti3+ and probably also Ti2+ was also 
apparent. The major contaminant was found to be adventitious carbon; the 
C1s spectrum was dominated by a hydrocarbon-like component, but also
2
contained -C-O H and -C-OOH type features. The 01s peak featured the 
expected O2' component, but also contained components due to hydroxide, 
water and adsorbed organic species. Both carbon and oxygen levels were 
found to be widely variable, with C/Ti ratios ranging from 1.02 to 3.19 and 
O/Ti ratios from 2.82 -  6.43, which are similar to values which appear in the 
literature for Ti implants (Sutherland et al., 1993; Placko et al., 2000). The 
variability in the amount of adsorbed carbon contamination and surface 
hydroxylation depended strongly on the form and duration of storage of the 
samples in agreement with Lausmaa (Lausmaa, 1996). Samples washed 
thoroughly with appropriate solvents, stored in aluminium foil and analysed 
within hours of cleaning were found to have C/Ti ratios as low as 0.4 
(unpublished results). Ca contamination was also found on some samples, in 
agreement with reports in the literature (Lausmaa et al., 1990; Sutherland et 
al., 1993). Usually, levels were found to be less than Ca/Ti = 0.05, but on at 
least one occasion Ca/Ti = 0.13 was observed. Another prevalent 
contaminant was zinc. One major source of this was found to be cling film, 
but it was clear that there was another source which has not yet been 
identified, most probably the water source or contaminated glassware during 
washing. Surfaces also generally contained small amounts of nitrogen and 
sometimes also silicon, probably residual from the polishing process. No K or 
Ar contaminants were detected on the surface.
The XPS technique is limited to probing the near surface region of 
solid materials, to a depth limit of around 100 - 150 A at the photon energy 
used in this work. In order to probe deeper into the Ti, secondary ion mass 
spectrometry was employed in dynamic (i.e. depth profiling) mode. In this 
mode, SIMS is not surface sensitive, since the first few A of the surface 
(corresponding to the oxide layer) are sputtered off during the equilibration 
period. An 0 2+ primary ion beam was used in order to minimise artefacts 
arising from the interface between the Ti oxide overlayer and the underlying 
Ti. The crater depth was used to calculate an approximate sputter rate (~0.44 
fim h'1), thus enabling tracking of Ti+ (m/z = 48), K+ (m/z = 39) and Ca+ (m/z 
= 40) secondary ions as a function of depth. The depth distribution for cp Ti 
was, as expected, dominated by the 48Ti+ signal, although a very small trace 
of 40Ca+ was also apparent at the immediate surface, again indicating the
presence of some minor calcium contamination on these surfaces. This is in 
agreement with SIMS studies in the literature (Lausmaa et al., 1990). No 
significant signal was observed for 39K+, nor for 12C+, 28Si+ nor 31P+ secondary 
ions. SIMS cannot be used to analyse Ar (mass 40) due to its inert nature, 
which results in an extremely low secondary ion yield; 99.999% of sputtered 
Ar will be in the form of neutral particles (Shinawi, 2003).
Ion implanted Ti 
Topography
Ion implantation did not result in any clear change in sample 
appearance, either by eye or in SEM images. Since implantation involves ion 
bombardment and sputtering, it is possibly that the process may affect 
surface topography. However, roughness measurements using white light 
interferometry for 6 randomly selected samples of each ion type (dose 1x1017 
ions cm'2) indicated no significant difference in Ra and Rq values for ion 
implanted Ti compared to cp Ti (Nayab etal., 2003; Appendix B). It should be 
noted that this does not mean that the implantation process has no effect on 
topography at all, but rather that any effect is too small to be measured in 
comparison with the inherent roughness of the polished Ti surface.
Chemistry
Computer simulations (carried out by Dr T.J. Tate at Imperial College 
London) and dynamic SIMS were used to assess the distribution of the 
implanted ions in the Ti substrates, while XPS was used to assess the nature 
of the implanted surface.
Simulations (PROFILE CODE and SRIM) were used to predict the ion 
ranges and implantation profiles in the Ti targets and to assess the degree of 
disturbance to the host Ti lattice, estimated by the parameter known as the 
displacements per atom (dpa). For all the implanted ions, the predicted dpa 
was greater than or equal to 1 over the range from the surface to a depth of 
>35nm at doses >1*1015 ions cm'2, indicating that all the implanted samples 
were likely to have similar amounts of damage. The simulations also 
indicated that the native titanium oxide layer should be fully sputtered off the 
surface at the implantation doses used in this work. Implantation occurs into
4
the bare Ti substrate, resulting in radiation damage and amorphisation of the 
surface that does not appear to affect surface roughness to any great extent 
(Nayab et al., 2003).
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Figure 1: SIMS depth profiles showing the distribution of 48Ti\(b lack lines), 40Ca+ (red lines) 
and 3V  (blue lines) in (a) non-implanted cp Ti, (b) Ca-Ti, ion dose 1*1017 ions cm'2 and (c) 
K-Ti, ion dose 1*1017 ions cm'2. Adapted from Shinawi, 2003.
Dynamic SIMS depth profiles (Figure 1) largely reflected the computer 
simulated depth profiles for Ca-Ti and K-Ti (1 x 1017 ions cm'2). The 
maximum intensity of 40Ca+ secondary ions occurred at a depth of -200A and 
the intensity approached zero between -1000 and 1500 A. The 39K+ 
secondary ion profile also showed a maximum at -200 A depth, but 
additionally displayed an intensity maximum at the immediate surface of the 
modified Ti. This increase is not fully understood, but may involve some 
preferential segregation of K+ ions during surface re-oxidation. Alternatively it
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may be due to naturally occurring K-contamination at the surface. The near 
surface region, while rich in implanted ions, corresponded in both cases to a 
Ti depleted region indicating that the compounds formed contain reduced 
levels of Ti.
It should be noted that the peak intensity of the 39K+ signal was around 
an order of magnitude lower than that of the 40Ca+ intensity. Unfortunately, in 
SIMS, elemental concentrations are not directly quantifiable from secondary 
ion intensities due to sample-dependent sputtering rates and ionisation 
probabilities. It is therefore only possible to state with certainty that from 
SIMS the distributions of the Ca and K ions within the bulk of the Ti were 
largely as expected; the quantity of implanted ions could not be fully verified.
X-ray photoelectron spectra (Figure 2a) clearly confirmed the 
presence of the three types of implanted ions in the outermost region of the 
modified Ti surfaces. The measured binding energy of the Ca2p3/2 peak was 
347.2 eV, indicating that Ca in the top -100 A of the surface is present as 
Ca2+ and not metallic Ca (345.7 eV) (Briggs et a!., 1977). The binding energy 
of the K2p3/2 peak was measured to be 293.9 eV, corresponding to K+. As for 
cp Ti, typical contaminants other than C included low levels of Si, N and Zn, 
depending on storage treatment and duration. Again as for cp Ti, both K-Ti 
and Ar-Ti often showed the presence of Ca contamination at levels up to 
Ca/Ti *  0.08. Some Ca implanted samples also showed very small amounts 
of F" contamination which tended to wash off in water.
The concentration of implanted ions present in the surface was 
confirmed to be around that expected from the implantation process for the 
Ca-Ti and K-Ti samples (Ca/Ti = 0.24 - 0.47, K/Ti = 0.34 - 0.54). There was 
some variation in Ca/Ti and K/Ti ratios even within implantation runs, which 
may be related to the storage time and conditions prior to analysis. It should 
be noted that XPS is, at best, a semi-quantitative technique. Elemental 
concentrations are calculated from the intensities of the photoelectron peaks 
which depend on a large number of parameters, including the depth 
distribution of the element within the material. One of the most important 
parameters is the atomic sensitivity factor, which is essentially a measure of 
the probability that the electronic transition responsible for the generation of a 
particular XPS peak will take place. This is material dependent, and although
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tables of empirical (Wagner et a/., 1981) and theoretical (Schofield, 1976) 
sensitivity factors are available; the values will not necessarily result in 
accurate atomic concentrations. The values used in the current work were 
those of Wagner et at. (1981). Another important consideration is the 
selection of the start and finish points of the peak under consideration and 
the type of background used to remove contributions to the intensity arising 
from secondary electrons. In this case, a linear background was used and, 
for both the Ti 2p and Ca 2p peaks, the shake up satellites to high binding 
energy of the main photoemission peaks were not included in the peak area 
measurement.
The measured Ar/Ti ratios were found to be around a tenth of the 
Ca/Ti and K/Ti ratios (0.03 - 0.05). One possibility is that the inert nature of Ar 
allows the highly energetic implanted ions to penetrate into the Ti bulk 
without being trapped in lattice positions or interstitially, so that the majority 
exist at a depth beyond the detection limit of XPS. Alternatively, they may 
have sufficient energy to escape from the surface altogether following 
implantation.
The Ti2p spectra (Figure 2b) indicated that the sputtered Ti surface is 
re-oxidised following removal from the ion implanter and solvent cleaning. 
The spectra remained dominated by Ti4+ peaks. However, well defined peaks 
due to the underlying Ti° metal were not observed, probably indicating an 
overall increase in the thickness of the oxide layer. Instead, broad features 
were seen to low binding energy of the Ti4+ 2p3/2 peak, the overall shape of 
which depended on the type of implanted ion. These features almost 
certainly contained some contribution from titanium carbide species, but 
there was also evidence for the presence of Ti suboxides (Ti2+ and Ti3+). 
Such species might be formed at the metal -  metal oxide interface by recoil 
implantation, or simply during the re-oxidation process, since they are known 
to form at the interface in the early stages of oxidation of clean Ti (Lu a/., 
2000). Notably, recent experiments in which samples were analysed as soon 
as possible following implantation, avoiding any exposure to solvents, 
showed a prominent low binding energy peak which had a considerably 
higher relative intensity than the Ti° 2p3/2 peak of cp Ti. This was attributed to 
high levels of carbide (see below), coupled with lower surface contamination
7
and oxidation of these surfaces. Surface oxidation may be accelerated by 
exposure to solvents and water (unpublished results).
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Figure 2: Core level X-ray photoelectron spectra from (from top to bottom) non-implanted Ti, 
Ca-Ti (1x1017 ions cm'2), K-Ti (1x1017 ions cm'2) and Ar-Ti (2x1017 ions cm'2)
(a) The implanted ion regions, Ca2p, K2p and Ar2p (note the absence of a spectrum from 
non-implanted Ti); (b) the Ti2p region; (c) the 01s region and (d) the C1s region. As 
presented in Nayab et al., 2003, Copyright 2003, Kluwer Academic Publishers.
01s and C1s spectra were also examined (Figures 2c and d 
respectively). The most important difference between the C1s spectra from
implanted and non-implanted surfaces was the presence of a carbide peak 
on all implanted Ti samples. Evidence suggests that carbide is primarily 
located at the Ti / oxide interface, possibly arising from recoil implantation of 
carbon, or from direct reaction of C-containing species with the reactive bare 
Ti surface prior to or during re-oxidation following sputtering. Aside from the 
presence of carbide, in general, Ca-Ti and K-Ti surfaces showed increased 
levels of carbon contamination and the 01s region was generally found to 
have a greater contribution from O in OH, H20  and organic species at the 
surface. Ar-Ti samples, on the other hand, were generally found to have C1s 
and 01s spectra more similar in appearance to cp Ti. However, the recent 
solvent-free experiments showed no change in C/Ti levels and a decrease in 
O/Ti ratios, although the percentage of the 01s peak attributed to O in 
species other than O2' had increased slightly. In the current studies, 
therefore, it is probable that the majority of C contamination and 
hydroxylation is at the immediate surface and results from post-implantation 
storage and handling. This is of some interest, since surface hydroxylation 
may result in favourable biological interactions as hydroxyl groups have been 
proposed as nucleation sites for hydroxyapatite formation (Li et al., 1997). 
The active Ca-Ti and K-Ti surfaces may react more rapidly with O resulting in 
thicker oxide formation and/or surface hydroxylation than the more inert Ar/Ti 
surface.
Reactivity
Further experiments have examined the reactivity of the ion implanted 
surfaces. XPS studies showed that the Ca/Ti and K/T ratios at the surface 
are significantly reduced on immersion in water, K/Ti more so than Ca/Ti. 
After 24 h immersion in deionised water at 37°C, the Ca/Ti ratio was reduced 
to around a third of its original value, while the K/Ti ratio was reduced to less 
than a fifth of its original value (Shinawi, 2003). At the same time, the surface 
of the Ca-Ti samples turned a deep blue colour. This effect is usually 
associated with a thickening of the oxide layer which results in constructive 
interference of light reflected from the air-oxide and oxide-metal interfaces at 
certain wavelengths. Formation of a titanium oxide layer depleted in
9
implanted ions at the surface of the samples could account for the reduction 
in Ca/Ti and K/Ti ratios. However, the XP spectra of the Ti2p core level 
peaks did not appear to reveal any difference in surface oxide thickness 
before and after immersion (see below). It was therefore considered most 
likely that ions were released into solution. Dynamic SIMS indicated that the 
ion release was from the uppermost layers of the surface, although some 
implanted ions were retained within the samples (Figure 3).
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Figure 3: SIMS depth profiles showing the distribution of (a) 40Ca+ in Ca-Ti, ion dose 1 x io 17 
ions cm'2 and (b) 39K+ in K-Ti, ion dose 1*1017 ions cm"2 before (black lines) and after (red 
lines) immersion in water at 37°C. Adapted from Shinawi, 2003.
The level of implanted ions (Ca2+ and K+) at the surface was also 
found to be reduced by nitric acid treatment, such as that which might be 
used to “passivate” the surface prior to clinical application. In this case, the 
reduction in implanted ion concentration was accompanied by an apparent 
thinning of the surface oxide layer which was not seen on exposure to water 
alone (Shinawi, 2003). These results are broadly in agreement with previous 
studies which examined microdissolution of calcium ions from ion implanted 
titanium into nitric acid and buffer solutions (Hanawa et al., 1996a and 
1996b).
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Studies have also been carried out to examine the effects of 
immersion of ion implanted Ti in simulated body fluids (Shinawi, 2003), in 
particular Hank’s Balanced Salt Solution (HBSS). Results were highly 
dependent on experimental protocol. When immersion was carried out for 24 
h at 37°C with a water rinse immediately following immersion, XPS indicated 
the deposition at the surface of a calcium and phosphorous containing layer 
of sufficient thickness to obscure the Ti 2p signal on all four surfaces (cp Ti, 
Ca-Ti, K-Ti and Ar-Ti). The Ca/P ratio on all four surfaces was ~1.3. When a 
similar experiment was carried out at room temperature, the underlying Ti 
was not obscured after 24 h immersion. It should be noted in this case that 
the samples were analysed before rinsing and then again following a water 
rinse. What was noticeable on this occasion, however, was that there was a 
significantly greater amount of P present on the Ca-Ti surface, with a P/Ti 
ratio of ~ 0.6 compared to ~0.1 for cp Ti, K-Ti and Ar-Ti. This fell to ~0.4 
following rinsing. This suggests that the deposition of calcium phosphate 
species is faster on Ca-Ti than the other surfaces, even at relatively short 
time periods. These results are in agreement with studies in the literature 
which showed that exposure of Ti implanted with Ca ions (Pham et al., 
2000a; Krupa et al., 2001a) or Ca + P ions (Pham et al., 2000a and 2000b; 
Krupa et al., 2001b and 2005) to simulated body fluid of the Kokubo type 
(Kokubo et al., 1990) resulted in the accelerated formation of calcium 
phosphate phases at the surface, although these experiments mainly 
examined prolonged exposure. Interestingly, Na implantation of Ti resulted in 
a similar acceleration (Pham et al., 2000c, 2000d, 2001 and 2002; Maitz et 
al, 2002a and 2002b). This suggests that a similar response might be 
expected for K-Ti in the current work. This was not observed.
Recent experiments
Very recent experiments have been carried out by R. Mihoc, D. 
Armitage and F.H. Jones (in preparation for publication). These provide some 
additional information about the processes occurring at the Ca ion-implanted
l i
surfaces and are included here for completeness, again summarised by F.H. 
Jones.
XPS depth profiling
Depth profiling experiments have been carried out by using X-ray 
photoelectron spectroscopy following surface etching with an Ar+ ion beam. 
Ca-Ti samples (1x1017 ions cm'2) implanted in the same way to those used in 
the biological experiments were found to have a Ca distribution similar in 
shape to that predicted by the computer simulations and observed using 
SIMS, confirming the sub-surface maximum in Ca concentration (Figure 4). 
The presence of carbide, with a sub-surface maximum concentration, was 
also confirmed. Following immersion in water (18 h, room temperature), XPS 
profiling as a function of Ar+ etching showed a significant drop in the Ca 
concentration both at the surface and deeper into the Ca-Ti samples. At the 
same time, beyond a certain depth, the Ti was found to be highly oxidised, 
with XPS profiles showing O/Ti ratios approaching those at the immediate 
surface.
The presence and location of the carbide species below the Ti surface 
was largely unaffected by immersion. Together with the fact that the surface 
Ti2p spectra showed only minimal changes following immersion, this 
suggests that the majority of oxidation occurs beneath the level of the carbide 
species. Samples implanted with “control” ions including 40Ar+, 180 2+ and 65Ti+ 
showed no such behaviour on immersion, although Ar-Ti and Ti-Ti samples 
showed the presence of carbide. It is therefore tentatively suggested that the 
presence of Ca ions compromises the passive nature of the Ti surface oxide, 
allowing oxygen diffusion into the Ti bulk. This effect is likely to be 
responsible for the characteristic deep blue colour observed on the majority 
of water immersed Ca-Ti samples.
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Figure 4: Composition profiles showing (a) Ca/Ti elemental ratios, (b) O/Ti elemental ratios 
and (c) carbide concentrations as a function of Ar etch time measured using XPS. Solid 
triangles indicate the as-implanted Ca-Ti samples, while the open circles are from Ca-Ti 
samples following 18 h immersion in ultrapure water. The dotted line in (b) is from a cp Ti
control sample.
K-Ti samples were also examined using this technique. Unexpectedly, 
it was found that despite high levels of K at the surface, K-concentrations 
further into the bulk of the Ti were not comparable to Ca concentrations in the 
Ca-Ti samples. After ~17 min etching (at which point the Ca/Ti ratio in Ca-Ti
13
maximised at ~0.23) the K/Ti ratio was measured to be ~0.04. Although 
these samples were prepared subsequently to those used in the biological 
experiments, it is probable, particularly given the relatively low intensity of 
39K+ secondary ions in the SIMS distributions, that the earlier samples also 
contained much lower K levels in the bulk than expected, despite containing 
the expected levels of K at the surface. It therefore appears that ion 
implantation of K does not result in the bulk concentrations of K expected 
from the simulations. The reason for this is not understood at present, but is 
potentially due to the extremely high reactivity of potassium. Following 
implantation and removal into the atmosphere, implanted K may be lost 
through reaction with oxygen at the same time as the Ti surface is oxidised. 
This might explain the differences in reactivity mentioned above.
Ion Chromatography
In a separate series of studies, calcium ion release into water was 
confirmed using ion chromatography. After 2 min immersion at 37°C in 1 ml 
ultrapure water; Ca ion concentrations of 0.13 (± 0.09) ppm were detected, 
compared to control values of 0.07 (± 0.07), tending to indicate that ion 
release was occurring. After 4 h immersion, the Ca concentration had 
increased to 1.27 (± 0.18) ppm, and this level did not show a statistically 
significant increase on further immersion. It should be noted that the levels of 
calcium detected were very much lower than the levels present in simulated 
biofluids such as Hank’s balanced salt solution (66 ppm [1]) and complete 
medium (95 ppm [2]).
XPS confirmed the ion release. After immersion for 2 min, the Ca/Ti 
ratio at the surface fell from 0.18 (± 0.01) to 0.09 (± 0.01) (NB, the peak 
areas in this case were measured following Shirley background subtraction 
and including the high binding energy shake-up peaks, hence the difference 
from the values quoted previous). Immersion for 4 h gave a very similar Ca/Ti 
ratio of 0.08 (± 0.01) which remained unchanged after immersion for 168 h (1 
week). It should be noted that, in this and certain repeat experiments, not all 
immersed samples turned a uniform blue colour; several went “patchy” blue 
while some actually remained largely silver. The surface XP spectra from the
14
blue and silver regions were largely identical, but depth profiles indicated that 
only the samples that went blue had decreased Ca and increased O 
concentrations in the “bulk”. Closer examination of ion chromatography 
results indicated that, in general, the more blue colouration on the sample 
surface, the higher the Ca concentration detected in solution. The reason for 
this variability between (and even within) samples remains unclear, but may 
be related to inhomogeneity in the integrity of the surface oxide layer formed 
following implantation.
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Appendix B
